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Abstract 
Stab resistant body armour had been used throughout history, with examples ranging from 
animal hide construction to the moulded Polycarbonate units typically used by United Kingdom 
(UK) Police Officers.  Such protective articles have historically, and continue to present a number 
of issues which have shown to impair the operational performance of its wearer – including but 
not exclusive to poor thermal regulation, large masses, and reduced manoeuvrability. 
 
A number of developments have been made in an attempt to minimise the effects of such issues.  
One potential solution yet to be fully explored is the utilisation of Additive Manufacturing (AM) 
technologies.  In recent years the use of such manufacturing technologies, particularly Laser 
Sintering, has successfully demonstrated their suitability for a range of high performance 
applications ranging from Formula 1® to aerospace.  Due to the fundamental additive nature of 
AM build processes, the utilisation of such technologies have facilitated the realisation of design 
concepts that are typically too expensive, difficult or impossible to create using traditional 
manufacturing processes.  In order for AM technologies to be used for the generation of stab 
resistant body armour a number of historical issues and performance characteristics fundamental 
to ensure stab resistance is achieved must be satisfied. 
 
This body of research firstly evaluated the stab resistive performance of two of the most common 
materials suitable for Laser Sintering – as highlighted by an initial review of AM technologies.  
Once an appropriate material had been highlighted it was used as the basis for further 
experimental testing.  Such tests focussed on minimising the material thickness required to 
maintain an appropriate level of stab resistance within United Kingdom Home Office Scientific 
Development Branch (HOSDB) KR1-E1 requirement of 24 Joules of stab impact energy.  Test 
results demonstrated that specimens manufactured from Duraform EX® required a minimum 
single layer thickness of 11.00 mm, and a dual layer total thickness of 9.00 mm to provide an 
appropriate level of stab protection within the HOSDB KR1-E1 standard. 
 
Coupled with the results generated from an investigation identifying the overlapping/imbricated 
assembly angle required to maintain an appropriate level of coverage across a scale structure, the 
stab resistant characteristics initially identified were used for the development of an imbricated 
scale-like assembly.  Additional design features were also investigated to further minimise the 
total thickness of the final element design and corresponding assembled imbricated structure – 
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such features included angling strike surfaces and integrating a dual layered structure within 
individual elements.  
 
When the finalised imbricated assemblies were stab tested, they successfully demonstrated levels 
of stab resistance to the UK HOSDB KR1-E1 impact energy of 24 Joules. 
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Chapter 1 Introduction 
 
 
 
1.1 Background 
The primary goal of any protective solution is to lessen the likelihood of its wearer sustaining a life 
threatening injury [1–4].  As of July 2014, there were a recorded 157,490 regular personnel within 
the United Kingdom (UK) armed forces – 89,480 of which were in the army, with the remainder 
spread across the Royal Navy, Royal Air Force and supplementary forces.  All of whom typically wear 
body armour as part of their operational role [5]. 
 
There are a further 144,000 police in England and Wales [6], all of whom are likely to have been 
exposed to wearing some level of covert or overt protective body armour – to a minimum stab 
resistant level of protection [7].  This figure increases substantially once law enforcement officers 
from the United States (US) are considered, where there are reportedly in excess of 765,000 sworn 
officers [8].  Body armour worn by these individuals adheres to internationally recognised protective 
standards such as: 
 The UK Home Office Scientific Development Branch (HOSDB) ‘Knife and Spike Resistance’ 
standard – publication 39/07/C [9]. 
 The US National Institute of Justice (NIJ) ‘Stab Resistance of Personal Body Armor’ – standard 
0115.00 [10]. 
 
There are however individuals working in high risk areas which do not have the comfort of wearing 
such armour.  Despite calls from both the UK ambulance and prison service, stab-resistant body 
armour is not issued as part of the standard Personal Protective Equipment (PPE) given to the 46,000 
employees working within such high risk professions [11–13].  
 
A large proportion of modern flexible stab-resistant body armour is manufactured from technical 
aramid fibres such as Kevlar™ [14].   Despite their ability to absorb and safely dissipate significant 
levels of impact energy, a number of issues exist with their use, including: 
 Weighing up to 8kg and restricting manoeuvrability [15]. 
 Causing abnormal pain and sensations [16]. 
 Providing inadequate thermal regulation [17]. 
1.4 Thesis Structure1.3 Approach & Objectives1.1 Background 1.2 Research Aim
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A number of institutions around the world are noted to be performing highly complex research in an 
attempt to establish the next generation of body armour – typically using material science to 
enhance their protective performance via conventional manufacturing methods [18–20].   
 
An alternative manufacturing approach yet to be fully explored which may provide practical benefits 
for the manufacture of flexible stab-resistant body armour is that of Additive Manufacturing (AM).  
AM is a term used to describe the “…process of joining materials to make objects from 3-D model 
data, usually layer upon layer…” [21].  Manufacturing objects using this layer-by-layer approach can 
enable designers to realise virtually any geometry as some of the conventional design and 
manufacturing constraints can be negated [22].  In addition, the inherent nature of a number of AM 
processes lend themselves for the manufacture of working components, complex mechanisms and 
linkable geometries which would traditionally be difficult or impossible to manufacture [23].  For 
example, the Laser Sintering  (LS) AM process has been used for the successful manufacture of a 
series of linked articulated body armour samples [24].  Within this process a laser was used to 
selectively sinter a cross-section of powdered material within a build envelope - with slice data 
gathered from a predefined 3-D Computer Aided Design (CAD) model.  Following the melt process 
the build bed drops in height to allow a new layer of powder to be laid, and another cross-sectional 
layer is fused to the layer beneath.  Any non-fused or melted powder essentially acts as a support 
material and once the build is completed, the powder can be easily removed.  Although this initial 
research demonstrated the successful use of LS for the manufacturing of an articulated stab 
resistant assembly, the research could be regarded as a proof-of-concept exercise.  There was 
therefore scope for further investigation to be performed to further advance the development of LS 
stab resistant body armour by identifying LS stab resistant design requirements, tested using  
repeatable and robust manufacturing and test procedures. 
 
1.2 Research Aim 
The aim of this research investigation is to provide a novel contribution to the knowledge required 
to further utilise Additive Manufacturing technologies for the development of stab resistant body 
armour, with the long-term aim of exploiting commercialisation opportunities.  To facilitate such, 
there is a need to establish a series of manufacturing, design, and test parameters for the further 
development of polymer LS stab resistant AM body armour. 
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1.3 Objectives 
To meet the research aim identified within section 1.2, the following objectives were established: 
 
1) Apparatus & Methodology 
Establish a stab test methodology and identify an appropriate test blade for stab testing to 
the UK HOSDB KR1-E1 impact energy of 24 Joules. 
 
2) Identifying single layer stab protection 
Assess the stab resistant performance of single layer thickness specimens using two 
common Laser Sintering materials - Duraform® and Duraform EX®.  Test results informed the 
use of the most suitable build material for further testing.  
 
3) Establishing dual layered stab protection 
Based on the material choice identified within Objective 2; assess the stab resistant 
performance of dual layered test samples, inspired from layer based protective mechanisms. 
 
4) Stab resistant design features 
Explore a range of design features which could be used to ensure dual layer stab protection 
is maintained across an imbricated assembly. 
 
5) Generating an imbricated assembly 
Manufacture and test imbricated stab resistant elements within an assembled configuration 
to the UK HOSDN KR1-E1 impact energy of 24 Joules. 
 
6) Dissemination 
To disseminate the results and knowledge gained from this research to relevant academic 
and industrial audiences. 
 
By successfully achieving these objectives, this research presents a novel contribution to knowledge 
and demonstrates how Laser Sintering AM technology can be used for the development of stab 
resistant protective body armour. 
 
1.4 Thesis Structure 
A schematic documenting the workflow of this thesis is shown within Figure 1.1.  
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Following this introductory chapter, a literature review was performed which focussed on three 
primary areas – Sharp Force Incidents (SFI), body armour, and Additive Manufacturing technology.  
Findings from the literature review were used to inform the generation of a series of objectives and 
experimental investigations.  Such exercises and design related activities were performed and are 
outlined within Chapter 6 to Chapter 11.  The final chapter within this thesis discusses and concludes 
the findings attained from the experiments performed, and highlights potential areas for further or 
additional investigation. 
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Chapter 2 Sharp-Force Incidents 
 
 
 
2.1 Introduction 
The US National Institute for Occupational Safety and Health (NIOSH) [25] recognise that police 
officers are exposed to seven of the top ten risk factors associated with assaults in the workplace.  
These factors include: [26] 
 Having contact with members of the public. 
 Operating in a mobile workplace. 
 Working with unstable/volatile individuals. 
 Working alone or in small numbers. 
 Working late at night. 
 Working in high-crime areas. 
 Guarding valuable property/possessions. 
 
Data released by the Federal Bureau of Investigation (FBI) has shown that wearing body armour 
significantly reduces the likelihood of sustaining fatal injuries – reducing from 75% whilst not 
wearing such, to approximately 18% when wearing body armour [27]. 
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Whilst the wearing of body armour is not intended to reduce violence but instead lessen the life 
threatening effects of injury, there are many variables which could influence the level of injury 
sustained during a sharp force incident – factors which body armour must be designed to 
withstand [28].  This chapter therefore focuses on a number of these key areas as outlined within 
the chapter schematic shown in Figure 2.1. 
 
 
Figure 2.1: Sharp force incidents literature chapter schematic 
 
2.2 Weapon Type & Geometry 
There are a vast array of easily accessible knives that could be potentially used to attack police 
officers.  A small number of examples typically used in such incidents are shown in Figure 2.2. 
 
 
Figure 2.2: A range of knives typically used in stab attacks [29] 
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These knives typically fall into one of the follow categories:  [14] 
 Domestic knives – Primarily a stainless steel construction and very sharp when new, 
however become blunt relatively quickly. 
 Lock knives – Lock in an extended position to prevent closure. 
 Sheath knives – Typically used in outdoor activities and possess strong blades. 
 Combat knives – Such knives include flick-knives and butterfly knives. 
 Utility knives – Typically disposable blades which are often used in DIY applications. 
 
Research performed at a number of institutions identified that domestic and sheath knives are 
likely to feature more prominently in homicidal acts [30–32].  Autopsies performed on 91 victims 
of sharp force injuries in Nagpur, India found that domestic knives were used in 44% of the 
homicides with a further 22% of deaths featured the use of “...slender, double-edged, pointed 
weapons” [32].  In support of this, 174 homicidal victims from the Stockholm area of Sweden 
were analysed.  It was found that kitchen knives were used in 39% of the deaths studied, with a 
further 29% inflicted using sheath and tool knives. [30]  Additional items used in such events 
typically include screwdrivers, scalpels, scissors, axes and razor blades [32].   
 
Knife blade geometry has also been shown to have a profound impact on the resulting effects of a 
knife attack [33].  For example, a knife is likely to be most penetrative with a geometrically acute 
angle tip point - typically ranging between 10° to 60° [33].  This is demonstrated by the selection 
of knives shown in Figure 2.3. 
 
 
Figure 2.3: Blade geometry & tip Scanning Electron Microscope (SEM) images – Cook, kitchen, 
carving and utility knives (L-R) [33] 
Chapter 2 Sharp-Force Incidents 
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The incorporation of an acute angle tip point has demonstrated a trade-off – where the blade has 
been shown to be weak and is therefore prone to becoming damaged when it makes contact with 
a foreign object under impact [14].  Tip sharpness is regarded as “the most important factor in 
penetration” therefore maintaining or controlling such is of “paramount importance” [34] – a 
factor stressed by the Cutlery & Allied Trades Research Association (CATRA) [35]. 
 
Previous research also demonstrated that short, stiff, thin blades such as those found within lock, 
sheath and utility knives can penetrate the skin using a level of force which “...can be applied with 
a finger and thumb” [36].  To put this into context, such blades have shown to penetrate skin with 
a mass of less than 1 kg, whilst kitchen knives required a mass of 4 kg to penetrate skin [36]. 
 
It is also relatively common for larger knifes to have a finger guard.  These guards essentially 
enable its holder to have a more secure grasp of the knife thus improving comfort and 
performance [29].  This feature was previously shown within four of the six knives in Figure 2.2.  
In a study performed by Cranfield University, the presence of a finger guard in stab tests 
demonstrated that participants were able to generate an additional 5 Joules (J) of stab energy 
when compared to using a knife not featuring a finger guard – in some instances an increase in 
stab performance by nearly 25% [29]. 
 
2.3 Stab Force Principles and Kinematics 
There are essentially two fundamental principles when a knife blade makes contact with a 
penetrative material: [37] 
 Phase one – The tip of the blade makes contact with the body causing material to move 
away and begin to fail. 
 Phase two – Failure of the material can cause the blade to create a hole, and enable 
penetration. 
 
Through extensive studies, researchers have been able to identify the kinematics associated with 
both over arm and underarm assaults.  This was achieved via 3-D motion tracking a series of 
volunteers and their knife attack actions [38], as shown in Figure 2.4. 
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Figure 2.4: User and knife motion tracking during an over-arm stab attack [38] 
 
During an over arm knife attack the knife blade typically stems from the forearm, and is driven in 
an over-arm motion, reaching speeds of up to 10 m/s prior to entry [33].  For underarm attacks 
the blade “emanates from the radial aspect of the hand” and is thrust upwards at typically a 
reduced speed of around 7 m/s [33], a potential reduction of 3 m/s between the two knife attack 
methods. 
 
It should also be highlighted that during knife attacks there are non-axial forces and torques 
present that are difficult to accurately reproduce in a test environment [33]. 
 
2.4 Injury Location 
Research performed at the forensic medicine Department of Nagpur University, India, 
retrospectively reviewed the reports of 91 sharp force related homicides.  The study identified 
that the thorax is the most common location to sustain a Sharp Force Injury (SFI) – occurring in 
approximately 72.5% of sharp force related homicides [32].  Such a high percentage may be 
attributed to the highly sensitive nature of the organs protected within the region.   
 
The study also highlighted that multiple regions of the body were likely to sustain injuries during 
an SFI - occurring in 63.7% of the cases studied.  Typically such injuries were sustained in two to 
four locations, with the abdomen, limbs, and head featuring highest [32] 
 
The effects of slash related injuries are therefore potentially more life threatening if they occur 
close to raised blood vessels and over multiple areas of the body [39].  Body armour designed to 
manage high stab impact energies have also shown to be efficient at controlling the relatively low 
Chapter 2 Sharp-Force Incidents 
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forces associated with a slash attack - however, the reverse is not so.  Specifically designed slash-
resistant body armour would not usually suitably protect against a stab threat [39]. 
 
Two types of slash behaviours have been observed.  ‘Chop and drag’ behaviours which feature 
high peak forces and velocities, whilst ‘Sweep motion’ slash behaviours steadily increase in slash 
forces [39].  These two behaviours have been used to identify four primary slashing motions [39], 
[40], as shown in Figure 2.5. 
 
 
Figure 2.5: Four primary slashing motions with typical slash locations [Adapted] [40] 
 
In a study conducted using 67 male soldiers, participants were asked to slash a “static human-
sized target with the intention of wounding” [40].  Types of slash injuries that were indentified 
included:  [40] 
1) Long single slash - 22%. 
2) Short single slash - 31%. 
3) Multiple long slashes - 16%. 
4) Multiple short slashes - 31%. 
 
53% of the participants inflicted a single slash wound and typically preferred to attack from a high 
position and draw the blade in a downwards motion [39]. 
 
Slash resistant armour is typically highly flexible in comparison to stab-resistant armour.  For 
example, such fibres have been used in the manufacture of various slash-resistant garments and 
limb coverings, examples of which are demonstrated in Figure 2.6 [41]. 
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Figure 2.6: Slash resistant sweatshirt and leg coverings [42] 
 
Flexible slash resistant solutions are therefore seen to be ideal to supplement stab-resistant 
armour by wearing them in areas such as the upper and lower limbs, and around the neck [43].  In 
addition, slash-resistant materials are also being incorporated into the sleeve and collar regions 
on some outerwear garments, most notably police uniforms [39]. 
 
Determining the minimum distance between skin and vital organs is significant when 
manufacturing protective armour.  A number of studies have used Computer Tomography (CT) 
scanning technologies to assess the vulnerability of various vital organs and artery networks 
against knife inflicted wounding [44], [45].  In one such study 200 participants were scanned as 
part of on-going medical treatments.  The median distances between their organs and skin are 
presented within Table 2-1 [45]. 
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Table 2-1: Median distances between organs and skin wall according to gender [45] 
Organ 
Male 
Median (+/- SD) in mm 
Female 
Median (+/- SD) in mm 
Spleen 22.5 (6.7) 22.0 (12.7) 
Right liver 19.0 (6.5) 20.0 (11.1) 
Left liver 22.5 (9.9) 26.0 (11.4) 
Right kidney 48.0 (17.5) 46.0 (17.5) 
Left kidney 19.0 (15.9) 41.0 (20.6) 
Femoral artery 25.0 (12.1) 27.0 (15.4) 
Vena cava (anterior) 106.0 (32.9) 83.0 (33.5) 
Vena cava (posterior) 119.0 (16.5) 120.5 (20.8) 
Aorta 102.0 (33.3) 81.0 (34.0) 
Right lung 16.0 (8.6) 19.0 (12.2) 
Left lung 15.0 (8.2) 20.0 (13.6) 
Thoracic aorta (anterior) 57.5 (13.9) 57.0 (18.2) 
Thoracic aorta (posterior) 79.0 (10.5) 72.0 (13.7) 
Pericardium 32.0 (9.8) 29.5 (11.6) 
 
The results shown in Table 2-1 show that median organ/artery to skin distances was typically 15 
mm or greater, suggesting blade penetration in excess of this depth could cause serious harm and 
potentially fatal consequences [45].  
 
While the study did include assessing a number of artery networks, a number of important and 
commonly injured organs were not assessed, including: the colon, small intestine, and stomach.  
These were not assessed due to their ability to move significantly during activities [45]. 
 
2.5 Blunt-Force Incidents 
Modern body armour is not only required to provide protection against specific threats such as 
knives and ballistics, but also provide protection against blunt-force attacks.  Such incidents and 
any resulting injuries typically occur when everyday items such as bricks, wooden planks, bottles, 
stones, metal bars, baseball bats, are thrown or wielded [46], as shown in Figure 2.7. 
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Figure 2.7: Bricks and bars used to attack police during riots in London [47], [48] 
 
Injuries sustained during blunt-force incidents while wearing body armour are essentially split 
into two categories: 
 Blunt Force Trauma (BFT) injuries [49], [50]. 
 Back Face Signature (BFS) injuries [7], [51]. 
 
BFT injuries have been described as non-penetrating injuries “…caused by the rapid deformation 
of body armour”  [49], [50].  Such injuries are usually not life-threatening, however, may result in 
severe levels of bruising, fractures or damage to internal organs [51], [52].  An example of a BFT 
injury is shown in Figure 2.8. 
 
   
Figure 2.8: Blunt Force Trauma bruising on British soldier Ranger Ryan Boyd [53] 
 
Chapter 2 Sharp-Force Incidents 
15 
The bruising shown in Figure 2.8 is the BFT caused by a UK military issued ‘Osprey’ body armour 
dissipating the impact energy of a bullet across a significant area – thus preventing a bullet from 
penetrating the armour and potentially killing the soldier [53]. 
 
BFS injuries typically occur as a result of BFT [51].  These hybrid incidents are commonly referred 
to as a “ballistic punch” injury, and occur as a result of armour preventing an impact projectile 
from penetrating the armour [51].  An example of a BFS caused by a ballistic projectile and the 
resulting wound is shown in Figure 2.9. 
 
   
Figure 2.9: Armour Back Face Signature under impact (left) and resulting wound (right) [51] 
 
If the impact energy of a projectile cannot be appropriately dissipated over a large enough area, 
the resulting BFS may cause a localised open wound to occur - such as that shown in Figure 2.9 
(right) [51].  Research has suggested that if the BFS exceeds a depth of 44 mm, there is a 
significant chance that a fatal injury could be sustained [54]. 
 
In addition to providing protection from direct threats, there is research to suggest that 
penetration and blunt force resistant armour, coupled with an appropriate level of abrasion 
resistance has saved the lives of police officers involved in vehicle related incidents [55].  For 
example, some medical experts believe that such armour have protected police officers from 
sustaining life threatening injuries in vehicle collisions by efficiently dissipating the crash impact 
energy when flung against their steering wheel [55].  Body armour has also provided protection 
to motorcycle police officers who have come off their bikes – sliding approximately 100 yards and 
suffering very minor injuries [55]. 
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2.6 Protective Solutions 
It has been suggested that there are essentially two methods which can be used in an attempt to 
minimise the potential life-threatening effects imposed by knife and ballistic attacks: [14] 
 Absorbing and dissipating the impact energy. 
 Deflecting the attack implement. 
 
By absorbing the impact energy, there is an attempt to minimise or even prevent the attack 
implement from penetrating through the protective material [14].  For example, in an effort to 
reduce the effects of BFS injuries, the effect of placing a 10 mm gap between the back face of the 
armour and the torso has been investigated.  Results indicated that the armour absorbed 
approximately 50% more energy than without a gap [56].  Impact energy was spread over a larger 
area and therefore reduced the amount of energy transferred into the torso – consequently 
minimising the likelihood of sustaining a severe BFS injury [56].  In an attempt to dissipate such 
impact energies, a number of techniques have been investigated which aimed to damage the 
impact implement – either by chipping, blunting, or destroying the item [14].  In terms of a bladed 
threat, by damaging its tip, it may be possible to cause the blade to fail or get caught - thus 
attempting to restrict the knife from running through the protective material.  To achieve this, the 
armoured material must have a greater yield strength than the material of the knife [14].  
Alternatively, if the protective material is able to apply a high frictional load to the knife blade 
during an attack, this can also limit the level of sustained blade penetration [14]. 
 
2.7 Legislation and Standards 
Within the UK, ‘The Police Act 1996 (Equipment) Regulations 2011’ is the primary piece of 
legislation relating to the design and protective performance of armour for police officer use [57].  
To adhere to this legislation, the HOSDB is tasked with generating guidelines and standards 
applicable to the design, development and testing of protective armour [7], these include: 
 HOSDB Body Armour Standards for UK Police (2007). 
o Part One: General Requirements (Publication No. 39/07/A). 
o Part Two: Ballistic Resistance (Publication No. 39/07/B). 
o Part Three: Knife and Spike Resistance (Publication No. 39/07/C). 
 HOSDB Slash Resistance Standard for UK Police (2006) Publication No. 48/05. 
 
The following section therefore focuses on identifying the test requirements related to stab 
resistant body armour only.   
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2.7.1 Knife and Spike Resistance 
In recent years the HOSDB has recognised an increased requirement for Police officers to wear 
overt protective body armour while on patrol [7].  This is an attempt by the UK Home Office to be 
seen to proactively minimise the severity of potential stab threats by providing protection to the 
major organs housed within the torso - including the heart, lungs, liver, kidneys and spleen [7]. 
 
Part Three: Knife and Spike Resistance is particularly focussed on documenting the “performance 
requirements and testing protocols for the testing of body armour to knife and spike threat levels” 
[9].  Within this document two channels in which armour can be suitably resistant against are 
identified: [9] 
 Knife Resistance (KR) only 
 Knife and Spike Resistance (KR+SP) 
 
Within each of the two channels, there are three levels of stab resistance: [9] 
 Level One: KR1, and KR1+SP1 - The lowest level of protection.  Such rated armour is 
typically given to officers in low threat situations. 
 Level Two: KR2, and KR2+SP2 - Offers a medium level of protection.  This armour is 
typically regarded as general duty protective armour. 
 Level Three: KR3, and KR3 + SP3 - Provides the highest level of protection, and is often 
deployed to officers operating in high threat level environments. 
 
The HOSDB body armour publications also outline strict test procedures in order to meet the 
appropriate levels of protection as previously noted.  These tests are typically performed at an 
HOSDB certified testing institution, using an approved guide rail impact test tower and certified 
blades [9].  Examples of stab test drop towers are shown within Figure 2.10. 
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Figure 2.10: NIJ drop stab test fixture (left) and guide-rail tower (right) [2], [10] 
 
Each of the knife delivery vehicles featured within Figure 2.10 “fall under the influence of gravity 
and strike the armour sample at a predetermined point of impact” [9], [10].  A test blade is 
attached to the drop vehicle which is raised to a predetermined height - as determined by the 
vehicle mass and the required impact test energy.  Once this height is achieved, the drop vehicle 
is released to allow the blade to impact the test specimen within a predefined strike zone.  To 
prevent the knife from rotating about its vertical axis during descent, each system was designed 
to include the use of guide rails.  These are featured internally within the NIJ drop tower (left), 
while the external guide rails are visible within the second drop tower (right) in Figure 2.10.  
 
It is intended that all tests performed to the HOSDB body armour standard for knife resistance 
use purposely designed and engineered P1/B test knives, as shown within Figure 2.11 [9].   
 
 
Figure 2.11: UK HOSDB P1/B blade 
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Manufactured by HOSDB approved supplier ‘High Speed and Carbide Ltd’, P1/B blades are 
designed with the intention to replicate the range of stab implements typically used in real-world 
assaults on UK Police and prison officers [9].  HOSDB approved engineering drawings of these 
standardised implements can be found in Appendix A: HOSDB P1/B Blade Specification. 
 
HOSDB knife and spike impact testing parameters are documented within Table 2-2 and Table 2-3. 
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For certification purposes the current HOSDB body armour standard calls for the testing of three 
body armour samples – a front panel, a back panel, and a complete set.  It is required that each 
impact or strike use a new test blade and should be performed no closer than 50mm from either 
an existing strike zone, the edge of the test sample or support material [9].   When testing to a KR 
protection level, a total of 40 strikes at a 0° angle of impact incidence are required across the 
three samples, while an additional 10 strikes at the same incidence angle are required if testing is 
also to incorporate spike resistance [9].  Spike resistance can only be incorporated if its relevant 
level of knife resistance has also been achieved.  Under HOSDB guidelines, body armour cannot 
be manufactured for spike resistance alone [9]. 
 
The standard also outlines the requirement to test areas of body armour where there is an 
increased risk of failure, such as around material joints or seams.  Within these regions, one 
additional strike is typically required at each different weakness type – where a maximum 
penetration of 7.00 mm is permissible [58].  When testing female body armour, two additional 0° 
incidence angle strikes at the HOSDB E1 energy level within 5 mm of the breast cup peak and on a 
joining seam are also required [9].   
 
It should also be noted that the information documented within the HOSDB Knife and Spike 
Resistance standard is internationally recognised – with the US NIJ publication 0115.00, ‘Stab 
Resistance of Personal Body Armor’ bearing significant similarities [10]. 
 
2.7.2 Additional Mechanical Testing 
Within the UK, the 'HOSDB Blunt Trauma Protector Standard' defines the level of permissible back 
face deformation for limb and torso protectors used by UK Police [58].  This standard states that 
back face deformation should not exceed 15 mm for standard armour and 25 mm for female 
chest protectors [58]. 
 
HOSDB publication 48/05 is concerned with the testing of slash resistant armour for UK police use 
[59].  Additional standards concerned with ensuring the suitability of slash and blade resistant 
garments include: 
 EN ISO 13997:1999 – Determining the resistance to cutting by sharp objects. 
 BS EN 388:2003 – Protective gloves against mechanical risks. 
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The procedure for testing blade cut resistance in British Standard (BS) EN 388 includes the use of 
counter rotating circular blades under a load of 5N.  Test specimens are compared against a 
control group and their cutting resistance indexed accordingly [60].  BS EN 388:2003 also features 
the test procedures for abrasion, tear and puncture resistance testing [60].  There is also a 
growing call for armour to provide protection against the penetrative threat of hypodermic 
needles [61] - primarily for armour used by prison officers.  Leading the way in the generation of a 
suitable standardised test method for protection against such articles is the American Society for 
Testing and Materials (ASTM) - standard F2878-10 [62]. 
 
2.8 Research Implications 
HOSDB knife resistance standards set a clear and descriptive procedure to test body armour for 
use within the UK – with a notably similar NIJ standard for armour used within the US.  Within 
these documents, a number of specific test conditions are set, including: 
 The use of a guide-rail drop test impact rig. 
 Standardised test blades to replicate a range of bladed threats. 
 Defined impact energies and the number of test specimens. 
 A maximum permissible blade penetration depth of 7.00 mm. 
 
These standards were specifically established for the testing of body armour featuring technical 
fibres.  Whilst these standards can be used as a guide for the stab testing of Additive 
Manufactured Body Armour, some modifications may be required to accommodate the testing of 
such samples. 
 
Maintaining tip sharpness is regarded as one of the most important factors relating to the 
severity of injury sustained during a knife attack.  To ensure tip sharpness, it is therefore 
important to use virgin blades for each new test strike. 
 
Additionally, the literature presented highlighted that by providing stab-resistance, it may be 
possible to provide protection against a number of additional low-energy threats such as slash 
and blunt-force incidents – thus providing protection against a wider range of real-world threats.  
 
2.9 Summary 
Police officers are at the greatest risk of sustaining a SFI – with the level of sustained injury 
dependent on a number of factors including the blade type, injury location and the type of 
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protective mechanism being used.  The literature provided demonstrated that the most likely 
location to receive an SFI was within the torso - therefore protection in the form a stab vest is 
paramount for Police officers to safely perform their job. 
 
The literature also highlighted that stab protection against a range of blade types is required, with 
short, stiff and slender double edged blades regarded as more lethal in their stab penetration in 
comparison to longer, thicker blades.  In addition, maintaining blade tip sharpness is regarded as 
a significantly important factor in the level of blade penetration witnessed - as expressed by 
CATRA and the UK HOSDB Knife and Spike Resistant standard where a new blade is called for each 
stab test. 
 
The HOSDB Knife and Spike Resistant body armour standard also documents the levels of 
protection in which UK stab resistant body armour must be protective against.  The lowest level 
of protection is the KR1-E1 level of 24 Joules of stab impact energy where a maximum 7.00 mm of 
blade penetration is allowed beneath the underside of test specimens.  Currently all HOSDB 
certified body armour must demonstrate stab resistance against the HOSDB engineered P1/B 
blade, and is performed on a drop tower impact rig to ensure maximum repeatability and control. 
 
The literature highlighted within this chapter was used to inform and establish an appropriate 
testing procedure for future experimental stab testing.  Before performing such, further 
investigation was required to identify the various protective mechanisms used historically, in 
nature, and within current engineered body armour solutions, as well as investigating potential 
methods of manufacture. 
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Chapter 3 Armour 
 
 
 
3.1 Introduction 
This chapter examines how impact energy has been managed within armour present in nature 
and how such has influenced the historical development of engineered armour.  A number of 
modern and future body armour solutions were also examined to determine strategies to 
manage the threat of stab force incidents.  The structure of this chapter is outlined within Figure 
3.1. 
 
 
Figure 3.1: Armour literature chapter structure 
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3.2 Biological Scale Armour 
Throughout history scientists, engineers and designers have studied nature in an attempt to 
acquire knowledge outside of their field of expertise to assist with the development of innovative 
design approaches - a methodology that has coined the term bio-inspiration [1], [63], [64].  This 
approach has been used to study the mechanisms and performance of naturally occurring armour 
to enhance the understanding, design and development of future body armour solutions [1]. 
 
Biological armour systems can be traced back as far as 540 million years ago to the Palaeozoic era 
where such evolved in an attempt to provide protection against penetrating predatory attacks 
[65].  Since that time the “evolutionary arms-race” [66] between predator-prey exchanges has 
facilitated the structural and morphometric evolution of armour, with the primary goal of 
reducing mass whilst improving freedom of movement and speed [66].  Typical evolutionary 
activities included: [67] 
 Reducing the size of armour plates. 
 Decreasing armour layer thickness. 
 Reducing the number of armoured layers. 
 
Examples of biological armour found on current day animals include armadillos, pangolins, 
alligators, crocodiles, lizards, turtles, and fish, examples of which are shown within Figure 3.2. 
 
 
Figure 3.2: Animal armour - Arapaima (A), Alligator (B), Armadillo (C), Pangolin (D) [68–71] 
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One of the most common predatory attacks these animals must endure is a localised impact from 
a sharp object such as a tooth [72].  Such attacks typically generate high stress concentrations and 
have the potential to cause catastrophic failures within natural armour systems [72].  As well as 
preventing a lethal level of threat penetration, the armour found on such animals must try to 
minimise back-face deformation and appropriately dissipate impact energies in an attempt to 
avoid causing injuries to underlying soft tissue and vital organs [66], [72].  To achieve this one of 
three mechanical strategies are typically used: [66] 
 Deforming and/or fracturing the penetrating threat. 
 Dissipating the penetrating energy via deformation and/or cracking the armour. 
 A combination of the previous two mechanisms. 
 
One form of biological armour used to achieve protection is through the use of scale-based 
structures.  Individual scales are often unable to provide adequate protection, however, once 
assembled as part of a hierarchical imbricated (overlapping) structure, scale assemblies have 
been shown to “exhibit improved mechanical properties” [73] and provide a level of flexibility 
suitable to the needs of its respective animal [72], [74], [75]. 
 
There are essentially four primary classifications of scales: 
 Placoid 
 Ganoid 
 Osteoderms 
 Elasmoid 
 
3.2.1 Placoid Scales 
Placoid scales are primarily found on sharks and rays [72].  These scales typically consist of a flat 
base with a series of spines extruding from their surfaces – giving the top surface or skin of the 
fish a rough spiny texture [76].  An example of an imbricated placoid scale structure from a white 
shark is shown in Figure 3.3. 
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Figure 3.3: White shark overlapping placoid scale armour with SEM image (left) [72], [77] 
 
It is recognised that placoid scales typically provide less protective performance in comparison to 
other more bony scales types. Instead such scales provide enhanced hydrodynamic 
characteristics [78].  Each placoid scale has its own blood supply and is composed of an inner pulp 
core covered in a layer of dentine, masked by a hard enamel-like layer of vitrodentine [79], [80]. 
 
3.2.2 Ganoid Scales 
Ganoid scale armour such as that found on the South-Eastern and Central American Alligator Gar 
has been an area of focus for the development of naturally inspired body armour – primarily due 
to their flexible, lightweight and armoured dermal scale system [72], [74].  An example of ganoid 
scale armour is shown in Figure 3.4. 
 
   
Figure 3.4: Ganoid scale armour [72] 
 
Alligator Gar can grow up to 3 metres (m) in length and weigh in excess of 100 kg. Typically 
contributing to 1-5% of the overall weight of the Alligator Gar, ganoid scales are usually rhombus 
in shape and measure in the region of 30-40 mm in length, and 4.5-5.0 mm in thickness at its 
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central point [72], [75].  Gar scales vary in thickness – reducing closer to the edge to allow for a 
scale overlap of approximately 30% and to maintain a constant total thickness across the whole 
protective system [75].   
 
Figure 3.4 (right) also illustrated that gar scales comprise of a two layered system.  Internally 
there is a tough and ductile bony structure which aids in resisting crack propagation, while a 
mineralised ganoine material covers between 40-70% of the internal structure [75].  This ganoine 
layer has been shown to improve scale hardness and helps to provide protection against sharp 
force penetration, while the ridges along the entirety of the scales coupled with jagged edges aim 
to provide protection against advancing predators [75].  Such ganoid scales are typically attached 
to one another through a network of articulating peg and socket joints [81]. 
 
It is recognised that the Polypterus Senegalus, a freshwater fish typically found in the muddy 
shallows off Africa, has one of the most fascinating, quad-layered ganoid armour systems found in 
the natural world [67], [73].  Their interlocking scales are composed of four mineralised layers 
each tasked with providing protection against inter-species tooth attacks [67].  SEM images of its 
scale design and cross-sectional layer construction is shown in Figure 3.5. 
 
   
Figure 3.5: SEM of the outer surface (left) and cross-section optical micrograph (right) of a scale 
from the ‘Polypterus Senegalus’ [67] 
 
The composition of the ganoid scale featured within Figure 3.5 from its stiff external layer, 
through to its tough internal layers include: [67] 
 Ganoine - typical thickness of 10 μm. 
 Dentine - typical thickness of 50 μm. 
 Isopedine - typical thickness of 40 μm. 
 Bone basal plate - typical thickness of 300 μm. 
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Each of the materials featured within the scales of the ‘Polypterus Senegalus’ have “unique 
deformation and energy dissipation” [67] properties – culminating in an effective defensive 
management system.  For example, the stiff ganoine layer is used as a sacrificial mechanism to 
support energy dissipation through the three layers beneath [67].  It is also recognised that this 
effective protective behaviour is aided by the significant flatness of the scales themselves – which 
help to reduce stress and strain concentrations that could lead to a catastrophic failure [66].  In 
comparison to a bi-layered ganoine-dentine scale combination, the quad-layered design of the 
‘Polypterus Senegalus’ armoured scales also features a reduction in mass of nearly 20% [67]. 
 
3.2.3 Osteoderms 
Osteoderms are essentially bony plates or scales typically used to provide protection to reptiles 
and mammals such as turtles, snakes, lizards and armadillos [72], [82]. 
 
Armadillos need to be able to move quickly, therefore it was essential for their armour to evolve 
to ensure their mobility would not be restricted [83].  These animals protect themselves from 
predators using osteoderm armoured tiles which vary in morphology depending on location, with 
triangular tiles along their mid-section and hexagonal tiles in pectoral and pelvic regions [72], [84] 
- as shown in Figure 3.6. 
 
   
Figure 3.6: Armadillo armour (left) and hexagonal osteoderm representation (right) [72], [83] 
 
The protective banded sections cover the armadillo’s entire body, ensuring that the tightly 
arranged osteoderms maximise protection against teeth and claws [82].  Each osteoderm plate is 
connected with a neighbouring element using Sharpey’s collagen fibres [82], [84] – as previously 
illustrated within Figure 3.6 (right).  Such protection is however costly.  The lack of flexibility 
between protective components have shown to make armadillos vulnerable to foreign bodies 
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nesting between their bands of armour – an issue also echoed with some human protective 
armour where poor maintenance or hygiene has led to illness [1].   
 
Osteoderms also provide significant protection to animals such as alligators and turtles [72], [82] 
– examples of which are shown in Figure 3.7. 
 
   
Figure 3.7: Alligator (left) and leatherback turtle (right) osteoderm examples [72], [85] 
 
Figure 3.7 demonstrated a protruding alligator osteoderm element (left) and an illustration of the 
juxtaposed jagged connecting osteoderms of the leatherback turtle (right) [72].  Neighbouring 
plates of the juxtaposed plates are joined together using a series of sutures which have shown to 
allow flexibility between elements and therefore greater levels of localised protection in 
comparison to the Sharpey’s fibres used to connect armadillo osteoderms [72], [86], [87]. 
 
3.2.4 Elasmoid Scales 
Elasmoid scales are primarily found on fish from the teleost family – ray-finned fish [88].  The 
majority of these scales fall within cycloid & ctenoid classifications, and are typically ellipsoidal or 
rectangular in geometry [74], [89]. These two elasmoid classifications are shown in Figure 3.8 & 
Figure 3.9 respectively. 
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Figure 3.8: Cycloid elasmoid scales [72] 
 
   
Figure 3.9: Ctenoid elasmoid scales [72] 
  
One significant attraction of elasmoid scales is their ability to form imbricated assemblies [1], [88].  
Unlike ganoid scales where articulated peg and socket joints are typically used for assembly, 
elasmoid scales feature no additional geometries.  Instead it has been suggested that the radii 
and circuli (ridges) on each scale type assist in providing flexibility while embedded/anchored 
within a tissue base structure [74], [90].  Therefore the relationship between the elasmoid scale 
and respective anchoring tissue governs the behaviour of the scale assemblies during a predatory 
attack [74].  Elasmoid scales are regarded as the "modern" fish scale as they offer desirable levels 
of "flexibility, strength, penetration resistance, light-weight, and transparency" [74]. 
 
The Arapaima Gigas is one of the largest freshwater fish in the world, typically measures 2-2.5 m 
in length, weighs between 100-150 kg, and is a prime example in nature which demonstrates the 
benefits of elasmoid scales [91].  These fish are located within the South American Amazon, and 
are known to have bony scales that provide protection against the sharp teeth of the piranha.  
Arapaima Gigas scales typically measure between 50-100 mm in length, 40 mm in width, and are 
arranged in an imbricated formation to provide multiple levels of protection [91] - as shown in 
Figure 3.10. 
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Figure 3.10: Arapaima Gigas scales highlighting embedded and exposed regions [92] 
 
Two distinct regions to the Gigas scale are visible in the example shown within Figure 3.10.  The 
dark region represents approximately 40% of the scale area and is embedded within a compliant 
tissue, while the remaining lighter region represents the highly mineralised exposed part of the 
scale [92].  Each scale features corrugations perpendicular along their longitudinal axis which are 
understood to allow flexibility and ensure elements can appropriately move and provide effective 
structural performance [91].  The thickness of Gigas scales has shown to be variable across 
individual elements - decreasing towards the embedded area.  Research has shown that the 
thickness deviation between the embedded and exposed regions can be as much as 35%.  
However, the typical thickness of the embedded scale region has been measured at 1 mm, whilst 
2 mm for the darker exposed region [92].  
 
Elasmoid scales can also vary significantly in shape, size, and arrangement.  For example, the 
elasmoid scales on Striped Bass fish have an irregular pentagonal shape, and typically measure 
around 4.00 mm in length, 1.50 mm in width, and 0.20 mm thick.  Despite their small size, 
research has shown that such scales typically offer a high resistance to puncture when attacked 
by predators [74], [93]. 
 
3.2.5 The Pangolin 
Pangolin armour is regarded as a “singularity” [72].  Pangolins are mammals which naturally 
reside on the African and Asian continents, and range in length from 0.4 m to 1.0 m [72].  Their 
armour does not fall within the osteoderm category, instead pangolin armour consists of a 
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complex network of large, flat, razor-sharp keratin scales, that are arranged in an imbricated 
layout and secured at their base into muscle tissue [1].  Pangolin armour is shown within Figure 
3.11. 
 
   
Figure 3.11: Demonstrating the flexibility of pangolin armour [94] 
 
Despite constituting as much as 20% of their body mass, pangolin scales offer significant 
protection against predators [72].  Such armour allows the pangolin significant freedom of 
movement and the flexibility to attain an appropriate defensive posture such as curling up into a 
ball [1], [95] – as depicted within Figure 3.11.  This defensive posture causes the sharp edges of 
their scales to protrude, thus providing an additional defensive component [1]. 
 
3.2.6 Scale Design 
Previous research identified a series of categories which contribute to the design of individual fish 
scales and their respective assemblies; these include scale composition, inter-scale connections, 
morphometric, and assembly architecture [72], [84], [86], [89]. 
 
Scale aspect ratio is calculated using Equation 1. 
 
Equation 1: Calculating scale aspect ratio [89] 
                  
                 
                    
 
 
Equation 1 can be used to calculate the relationship between scale thickness and length.  Table 
3-1 documents a series of typical armour dimensions which feature or have featured on a range 
of animals. 
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Upon review of Table 3-1 it is clear that when comparing scale size to the length and mass of its 
wearer, those animals typically weighing up to and in excess of 100 kg feature scale sizes ranging 
around 40 mm in length and width. 
 
Table 3-1 also highlighted that elasmoid type scales typically feature a greater thickness to length 
ratio in comparison to ganoid and osteoderm scales.  Therefore despite ganoid and elasmoid 
scales being of a similar size, the latter are able to provide protection whilst being considerably 
thinner.  It should however be noted that the type and level of threat faced by each animal and 
their respective scale structure varies. 
 
A number of geometric parameters have been shown to govern the structure of a scale assembly, 
these are illustrated within Figure 3.12 and include: [89] 
 Scale orientation angle relative to tissue (Θ) 
 Total scale length (Ls) 
 Exposed scale length (d) 
 Scale thickness (Ts) 
 Distance between scales (Td) 
 
 
Figure 3.12: Structural overview & geometric parameters governing the elasmoid scales of the 
fresh Atlantic salmon elasmoid (Adapted) [89]  
 
By varying geometric characteristics such as the scale angle (Θ) and the exposed scale length (d), 
the distance between the scales (Td) can change [89].  It is therefore possible to identify the scale 
to tissue/air ratio (gap between scales) by calculating scale volume fraction (ɸ), where ɸ 
=Ts/(Ts+Td).  By using the characteristics previously outlined within Figure 3.12, it is also possible 
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to determine a value for the degree of scale overlap, also known as imbrication factor (Kd), where: 
Kd = d/Ls [89]. 
 
Calculating the imbrication factor enables armour to be classified by their potential level of 
protection.  For example, where a Kd value is returned close to one, published research suggests 
that a low level of scale overlap is present and therefore the scales could be classed as light 
armour [89].  Conversely, when a Kd value close to zero is returned, armour featuring such 
demonstrate a greater degree of overlap and could be considered to be heavily armoured [89]. 
 
The effects of varying scale overlap and assembly angle through the manufacture and testing of 
macro-scale Additive Manufactured models has been investigated [89].  In total 21 models were 
manufactured from Acrylonitrile Butadiene Styrene (ABS) using Fused Deposition Modelling 
(FDM), and featured between two and six planar elements arranged in an imbricated formation.  
Each scale was securely embedded into silicone rubber to simulate underlying soft tissue. Scale 
angle (θ) was varied from 2.5° to 40° and scale overlap (Kd) was varied from 0.1 – 0.9 [89].  A 
number of the samples tested are shown within Figure 3.13. 
 
 
Figure 3.13: Fish scale inspired ABS and silicone rubber assemblies 
(a) θ =20° and Kd = 0.3, (b) θ =5° and Kd = 0.3, and (c) θ =5° and Kd = 0.9 [89] 
 
All specimens were tested under blunt loading and predatory tooth attack simulations in 
experimental conditions [89].  Results demonstrated that specimens which featured a scale 
Chapter 3 Armour 
37 
assembly angle greater than 10° and a low Kd value, such as Sample A in Figure 3.13, were able to 
distribute localised impact energies over a larger area when compared to specimens with a low 
level of scale overlap (Sample C in Figure 3.13) - thus reducing back face deformation [89].  
Additionally, specimens that featured a high level of overlap demonstrated low levels of localised 
failure.  This may be due to the unlikelihood of sustaining a lethal level of penetration in scale 
architectures consisting of multiple levels of protection [89].   
 
In summary, the study highlighted that it is possible to tailor scale morphometry in an attempt to 
acquire desirable assembly characteristics - such as enhanced flexibility, or increased protection. 
 
3.2.7 Summary 
This section has demonstrated that scale-based biological armours share one commonality – the 
need to establish a compromise between protection and mobility.  Such systems provide 
protection via two mechanisms: 
1) Defeating the threat through deformation or fracturing – eliminating its ability to fatally 
penetrate. 
2) By providing sacrificial layers to dissipate impact energies and minimise penetration to 
underlying soft tissue. 
 
The manner in which protection is achieved is individual to each species and the threat it faces, 
however, a summary of principles for the evolution of natural armour were documented, 
including: 
1) Maximise armour size and volume. 
2) Create multi-layered armour to maximise protection. 
3) The need to minimise armour mass. 
4) The desire to maximise articulation through appropriate spatial arrangements. 
5) The evolution of differentiating material thicknesses and surface structures to reduce 
deformation. 
6) The need for suitable connections and reinforcements between scale elements. 
7) The incorporation of sacrificial layers for controlled impact energy dissipation. 
 
Scale based natural armour has been shown to play a significant role in providing protection to a 
range of animals throughout history, from fish to pangolins.  Individual scale elements can range 
in shape and thickness, and when arranged in an imbricated assembly can create a hierarchical 
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structure capable of providing effective and flexible levels of protection against localised threats 
whilst minimising back face deformation. 
 
A scale-based protection system featuring an assembly angle greater than 10° and a low Kd value 
was shown to create a structure featuring multiple layers of protection within an assembly.  
These characteristics, coupled with design principles previously highlighted, could be used to 
inform the development of a modern scale-based armour solution. 
 
3.3 Historical Armour 
Protective armour has been used throughout history, with evidence suggesting that pre-3000 BC, 
the Egyptians wore tunics spanning down to their knees as protective armour [99].  Such armour 
was typically constructed from a thick quilted linen or leather, with additional pectoral protection 
added when required [100].  Significant advances in armoured solutions followed in the form of 
Greek and Roman plated armour, as well as the development of chainmail armour - these are 
discussed in the proceeding sections. 
 
3.3.1 Greek Armour: 1000 BC to 400 BC 
Greek armour such as those shown in Figure 3.14, typically consisted of a bronze breastplate and 
associated arms and neck lames, and was commonly referred to as a cuirass [99].  
 
   
Figure 3.14: Examples of Greek cuirasses – ornamented (left), leather (right) [100] 
 
Such armour was typically worn over a linen tunic and was highly ornamented with gold [101].   
Towards the end of this period, mounted Greek soldiers opted to wear less restrictive leather 
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armour consisting of a shorter cuirass with leather lambrequins to protect their lower body and 
thighs [100], as demonstrated in Figure 3.14 (right). 
 
Towards the end of the Greek period, the design of the cuirass evolved.  Armour developed 
during this period began to consist of a back plate, a breastplate, and shoulder protection 
manufactured from overlapping metal plates, discs or lames sewn onto a quilted base.  This 
design and manufacturing methodology is reflected in later Roman protective armour [99], [100]. 
 
3.3.2 Roman Armour: 753 BC to AD 476 
The Roman era consisted of two distinct periods, the Republican period (509 BC to 27 BC) and the 
Imperial period (27 BC to AD 476) - each saw different styles of protective armour [100]. 
 
Republican period armour was typically categorised into two groups - the cuirass, and lorica-
based [101].  Cuirass armour was primarily based on the Greek model previously identified within 
section 3.3.1, while lorica-based armour was constructed from bronze and modelled to the 
contours of the human figure [101].  Lorica armour was typically split into four categories: [101], 
[102] 
 Lorica squamata – small iron or bronze overlapping scales sewn onto a fabric backing, as 
demonstrated in Figure 3.15. 
 Lorica plumata – a mail shirt attached with scales to provide double layered armour - also 
shown in Figure 3.15. 
 Lorica hamata – a type of mail manufactured from bronze or iron. 
 Lorica segmentata – segmented armour made from leather backed metal strips  
 
   
Figure 3.15: Examples of Roman lorica squamata (left) and lorica plumata (right) [103] 
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It has been suggested that both Lorica squamata and plumata armour types were inspired by 
scale armour found in nature [102].  Despite comprising of many individual components, 
respective designs have shown to potentially offer improved manoeuvrability over alternative 
large plated armour solutions [102]. 
 
Lorica segmentata is essentially an articulated cuirass which allows each modular metallic band to 
individually move in relation to one another - resulting in improved freedom of movement [102].  
An example of Roman lorica segmentata armour is shown in Figure 3.16. 
 
   
Figure 3.16: Reconstructed Roman lorica segmentata - front (left) and rear (right) [102] 
 
Such armour essentially consisted of four primary elements - two shoulder components and front 
and rear torso elements.  Each of these elements featured “overlapping curved strips of ferrous 
plates riveted to leather straps” [102].  Due to the protective success of lorica segmentata, its use 
continued well into the Roman imperial period, with evidence suggesting that the armour was in 
service until approximately the 3rd Century - during which time a number of lorica segmentata 
variants existed [102]. 
 
Despite the enhanced freedom of movement lorica segmentata offered soldiers over alternative 
armour, it featured a number of significant shortcomings, including: [102] 
 High levels of fragility - based upon archaeological evidence. 
 Evidence suggesting lorica segmentata was heavy - weighing between 5 kg to 9 kg. 
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The earliest comparable armour to lorica segmentata was the dendra cuirass, dated around the 
15th Century BC.  Dendra armour consisted of a number of upwardly overlapping curved copper-
alloy plates [102], as shown in Figure 3.17. 
 
 
Figure 3.17: An example of a bronze dendra cuirass [102] 
 
The upwards overlaying of the armour plated design meant that the dendra armour became 
inefficient in deflecting potentially lethal blows, therefore establishing the requirement to overlay 
armour in a downwards pattern as later incorporated by lorica segmentata [102]. 
 
3.3.3 Chainmail Armour 
Chainmail is said to have originated from the East in approximately AD 1180 and used prolifically 
until the late 17th Century [104].  This form of armour was seen as the first viable flexible 
defensive solution and therefore became the armour of choice by English knights [104].  An 
example of a chainmail bauberk, a garment used to provide protection down to the thighs of the 
wearer is shown in Figure 3.18. 
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Figure 3.18: A 14th Century chainmail bauberk [104] 
 
Chainmail was typically manufactured by winding metallic wire around an iron core, cut off in 
rings and finished accordingly [100].  Rivets could also be applied to the individual rings as well as  
joining multiple rings together to create a dual layered chainmail design [100] – as shown in 
Figure 3.19. 
 
Figure 3.19: Dual layered chainmail design [105] 
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By dual layering the chainmail, additional protection could be applied to provide extra protection 
in vulnerable areas, and heralded a new reinforced chainmail design [100].   
 
Ring deformation prior to failure has shown to be influenced by the physical dimensions of each 
link and the mechanical properties of the manufacturing material [104].  To bolster protection, a 
number of reinforced chainmail armour designs were developed, including: [104] 
 Covering the chainmail with exterior plates or discs – as previously shown within Figure 
3.15. 
 Backing the mail with a tough, quilted textile. 
 Strengthening the mail with horizontal and vertical leather strapping such as Banded mail. 
 
Historical evidence suggests that the incorporation of such reinforcements made combat 
increasingly difficult for soldiers, as movement became restricted, and the additional weight 
imposed by such enhancements increased fatigue [104].  The typical weight associated with both 
traditional and reinforced chainmail armour varied significantly: [102] 
 Non-riveted mail shirts: 8 kg to 9 kg. 
 Riveted mail shirts: 9 kg to 10 kg. 
 Reinforced chainmail shirts: 6 kg to 15 kg. 
 
Historical evidence also suggests that the manufacture of both traditional and reinforced 
chainmail armour was labour intensive, required skilled technicians and cost significantly more to 
manufacture than alternative, albeit less protective solutions [99], [100], [104]. 
 
Banded mail armour was used as a viable alternative solution to chainmail towards the late 13th 
Century, and was used extensively for more than a century [99].  Illustrations of banded mail are 
shown in Figure 3.20. 
 
 
Figure 3.20: Illustrated variants of banded mail armour [99] 
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Banded mail was noted to be so flexible that is was possible to fold garments such as hauberks, 
chausses and camails with relative ease [99].  Such armour was however expensive to 
manufacture, and was therefore understood to have been limited to aristocratic families [100]. 
 
3.3.4 Historical Armour Summary 
In contrast to naturally occurring evolutionary armour, historical engineered armour increased in 
size, weight and complexity from less protective textiles to the use of metal solutions such as 
lorica segmentata and chainmail.  Initially, the use of such materials restricted movement as the 
armour featured overlapping curved plates within their design.  These solutions were shown to 
be significantly effective in distributing impact energy; however, their greater mass and 
overlapping plated designs were known to restrict wearer manoeuvrability. 
 
In an attempt to improve manoeuvrability while maintaining protective coverage, a number of 
chainmail-based solutions were developed.  These solutions were known to have been relatively 
easy to repair and highly flexible - thus offered a significant improvement in user manoeuvrability 
and protection.  Chainmail solutions such as those backed by quilted textiles, dual layered, or 
featured a scale design external strike surface, were also known to have featured enhanced 
impact energy absorption and dissipation across a large impact area – reducing the likelihood of 
sustaining a life threatening injury.  The manufacture of such solutions was however reportedly 
laborious and expensive to produce, which therefore meant widespread distribution across all 
frontline personnel was not feasible.   
 
3.4 Modern Body Armour 
Modern body armour solutions are typically manufactured from ceramic, polycarbonate (PC) or 
aramid fibres – with each solution optimised to provide protection against specific threats [106].   
Traditionally there has been a trade-off between the level of protection and the degree of 
mobility offered by body armour – a trade-off that is still apparent [107].  For example, the most 
protective armour, such as the Explosive Ordnance Disposal (EOD) suit shown in Figure 3.21, is 
too cumbersome, expensive and impractical to be issued to all serving military and emergency 
service personnel [1].   
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Figure 3.21: EOD suit (left) and bullet/stab proof vest (right) [108] 
 
Instead, advancements in body armour have led to the development of highly engineered, 
lightweight and easy-to-put-on solutions which offer protection to vital organs situated within the 
torso [14] – an example also demonstrated within Figure 3.21 (right).  Such fibre-based solutions 
not only attempt to address the issue of comfort and freedom of movement, but also allow 
engineers to develop body armour capable of providing protection against a myriad of threats [1].   
 
Not all aramid-fibre armours are capable of providing protection in sharp force events [106], 
[109].  
 
The low-speed nature of stab incidents allow cutting weapons to push aside the aramid fibres 
which typically provide ballistic protection [20], [106], [109].  In order to provide protection 
against low-speed stab events, aramid fibres can be enhanced via methods such as: [106], [109] 
 Carbon nanotube reinforcements. 
 Incorporating discrete plates. 
 Thermoplastic impregnation. 
 
The stab testing of a series of aramid fibre specimens featuring thermoplastic coatings to enhance 
stab resistance are shown in Figure 3.22 [14]. 
 
Chapter 3 Armour 
46 
 
Figure 3.22: SEM images of pre- and post-stab testing at an impact energy of 24.3 Joules; Kevlar™ 
(a), Polyethylene (b), Coextruded-Surlyn (c) and Surlyn (d) coated fabrics [110] 
 
Upon review of the SEM images shown in Figure 3.22, the neat Kevlar™ fibres (A) were displaced 
by the knife, while the fibres in all of the thermoplastic coated aramid fabrics fractured – 
suggesting absorption of the knife impact energy [110].  A diagrammatic explanation of how the 
fibres shown in Figure 3.22 behaved when under impact is shown in Figure 3.23. 
 
 
Figure 3.23: Behaviour of an individual fibre when impacted by a projectile [14] 
 
High performance textiles allow individual yarns to stretch and break to efficiently and quickly 
absorb the impact energy from knife and ballistic missiles [14].   
 
The stab resistant effects relating to the stacking sequence optimisation of plated and aramid 
armour has also been investigated [111–113].  Results highlighted that when a 1.5 mm thick 
aluminium plate is placed between aramid fibre layers, blade penetration was reduced by up to 
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50% in comparison to when such plates were positioned at the front or rear of the aramid layers 
[112].  It has been suggested that there is a need for penetration resistant elements capable of 
deforming rearwards to allow greater time and distance for blade perforation to be resisted  – 
enabling impact energies to be appropriately dispersed away from the impact zone [112].  
Despite providing protection against low-speed stab events, such aramid-fibre enhancements 
have been shown to “significantly increase body armour mass”  [106].   
 
Aside from aramid armour, PC armour is regarded as the most economically viable solution to 
provide protection against stab threats [106].  Such solutions can typically weigh between 1.6-2.3 
kg, are rigid enough to prevent sharp force penetration, while plastic enough to absorb high-
speed ballistic impacts [106], [114].  The minimum thickness for PC body armour capable of 
providing protection against ballistic threats has been measured at 31 mm [115]  – a significant 
increase in thickness and consequently greater mass in comparison to the use of PC to resist stab 
threats.  Such a thickness is therefore deemed as undesirable [106]. 
 
Instead, purchasers and end-users of body armour require a balance between the level of 
protection and factors such as: [109] 
 Mass – Minimising and appropriately distributing across wearer. 
 Comfort – Conforming to the wearers body and sufficiently breathable. 
 Mobility – Flexible and must not impede movement. 
 Added Value – Such as back support, quick release and add-on protection systems. 
 Durability – Capable of withstanding typical environmental exposure and have an 
appropriate service life. 
 
A number of these factors have attempted to be addressed through the recent development of 
Pinnacle Armour’s ‘Dragon Skin®’ flexible armour [116] - an example of which is shown in Figure 
3.24. 
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Figure 3.24: Dragon Skin® flexible body armour [117], [118] 
 
Dragon Skin® armour features a series of imbricated and interlinking composite discs that are 
manufactured from a hybrid mix of ceramic and titanium, covered in a thin aramid fibre layer 
[116].  Each disc measures 6.35 mm thick, 50.8 mm in diameter, and once imbricated a total 
armour thickness of 25.4 mm is generated [119].  Their imbricated layout ensures that any cracks 
generated as a result of an impacting threat do not spread across the entire armour system – 
isolating potential weaknesses to localised regions.  In the case of a ballistic impact, when a bullet 
hits the ‘Dragon Skin’ armour, its overlapping scale design has been shown to manage the impact 
energy so efficiently that the projectile is destroyed upon impact - keeping the debris contained 
within the supporting material [116], [118]. 
 
With regards to the durability of current body armour solutions, predicting their service life has 
typically been difficult for manufacturers and issuing agencies – primarily due to the issue of 
measuring “wear and tear” [120]. 
 
A study performed a number of ballistic tests on a series of body armours aged between 3 to 10 
years old – each ranging in the level of use within previous daily operations [120].  Results from 
the study found that approximately 25% of the armours aged between 3 to 5 years old failed to 
provide an appropriate level of protection [120].  It was however suggested that such a reduction 
in protective performance “correlated to heavy use rather explicitly to age” - with the study 
recommending a maximum five year service life for all body armour [120].  The service life of such 
armour has also been approximated from a financial perspective based on a five year service life – 
where body armour typically costs police authorities an estimated £64 per annum, per piece of 
body armour (using a currency conversion rate $1 USD = £0.602 GBP - August 2014) [27]. 
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It has also been recommended that body armour should be laid flat or hung when not in use, and 
should be professionally inspected on an annual basis with manufacturers performing batch 
testing at fixed periods during their suggested service life [120].   
 
Despite such recommendations, the 2012 United Kingdom Border Agency’s (UKBA) Arrest Teams 
Operation Procedure Manual states that “body armour should typically last 10 years before 
needing to be replaced” [121].  This time scale is overruled if any armour is shown to have 
significant levels of wear or tear, or is damaged during operation which could detrimentally affect 
protective performance [121].  Additionally, the UKBA operational procedure highlights the 
importance for officers to be re-fitted with armour if they gain or lose weight [121] – this is 
because body armour must be close fitting in order for it to be appropriately functional [122]. 
 
3.4.1 Physiological Effects 
Despite modern body armour providing enhanced levels of protection over the alternative 
solutions used throughout history, a range of physiological effects have been reported which 
related to their use - including nerve and severe musculoskeletal injuries [16]. 
 
Through a series of interviews with serving British police officers, a range of issues have been 
highlighted which related to the use of body armour and the carriage of mandatory appointments, 
i.e. handcuffs and radio.  Such issues included: [3], [123], [124] 
 Too much bulk, weight and a lack of flexibility. 
 Poor fitting – specifically female armour within the breast region, less muscle mass and 
smaller waists. 
 Restricted movement while detaining suspects and turning in vehicle. 
 Body armour riding up when seated – restricting breathing. 
 High thermal stress and poor ventilation – reducing the chase capacity of officers, and 
causing undergarments to be soaked with sweat. 
 
The issues noted have the potential to impede the operational capabilities of police officers – as 
highlighted by a recent study investigating the impact of police body armour and associated 
equipment on officer mobility [3]. 
 
The physiological responses of 52 male New Zealand police officers have also been measured 
when asked to perform a series of simulated duty tasks with and without wearing their own stab 
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resistant body armour and equipment belt [3].  Body armours weighed between 2.7-3.8 kg, with 
equipment belts typically weighing an additional 3.5 kg [3].  Simulated duty tasks included a timed 
balance assessment, a grapple task, manoeuvrability tests and a test to measure acceleration 
when exiting a vehicle.  Results from this study highlighted mean reductions of between 13-43% 
in performance due to wearing body armour and equipment belts.  Specific results included: [3] 
 Mobility tasks were reduced by between 6-16%. 
 The time taken to complete grapple tasks were on average 15% slower. 
 Ground mobility tasks were 14% slower. 
 On average participants performed 42% fewer chin-ups. 
 Elevated physiological markers such as heart rate and VO2 max were demonstrated. 
 
Police officers within the UK have also reported a number of significant physiological changes 
when wearing body armour ranging in mass from 2.9-6.2 kg, these include: [16] 
 An increase in minute ventilation – the volume of air inhaled and exhaled. 
 Reduced pulmonary function – how well gases are circulated around the body. 
 A reduction in forced vital capacity – the amount of air forcibly exhaled. 
 Abnormal sensations, pain, and decreased extremity movement likely caused by 
damaged nerves due to ill-fitting armour. 
 An increase in skin temperature and heart rate. 
 
Wearing body armour has been shown to create ergonomic related problems [125–128] - with 
Police officers  who were subjected to wearing body armour weighing as much as 8.5 kg 
experiencing musculoskeletal injuries [15].  Such injuries have also been associated with soldiers 
who wear body armour and associated articles ranging up to 41 kg for long periods of their day 
[128].  Carrying such high loads has not only shown to increase the risk of developing a non-
combative musculoskeletal injury, but has also shown to lead to a significant decrease in 
operational performance [128]. 
 
Thermal regulation is also an important factor to consider when developing body armour.  Heat 
strain and the risk of illness caused by heat exertion are serious issues when armour is worn 
during physical activity in both military and civilian capacities [17], [125].  It has been suggested  
that an increase in the threat resistance level and surface area coverage of body armour may lead 
to an increase in heart rate and core body temperature [17].  It has also been reported that the 
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effects of bulky clothing such as body armour have a greater consequence on metabolic cost 
compared with mass due to such articles restricting and interfering  with wearer movement [127]. 
 
Rest periods are also important to maintain appropriate levels of operational performance [17].  
It has been shown that the time taken for an individual to effectively perform their job without a 
period of rest, also known as the work tolerance time, decreases significantly as the threat level 
of protective armour increases [17] – suggesting more or extended breaks for recovery are 
required if loaded with armour and accompaniments.   
 
3.4.2 Modern Body Armour Summary 
The trade-off between protection and mobility continues to be present with modern body 
armour.  The use of highly technical fibres have facilitated the development of flexible armour 
capable of providing protection against a range of ballistic threats, however, such fibres do not 
provide an appropriate level of protection against a stab threat.  To provide stab protection, fibre-
based body armour requires reinforcing which has shown to increase armour mass.  The most 
economical method to solely provide stab protection is through the use of PC chest plates.  
Typically weighing between 1.6-2.3 kg, these armour solutions offer no flexibility to the wearer – 
with police officers reporting issues such as poor fitting and reduced operational performance. 
 
There is therefore a need for the development of a modern body armour solution capable of 
providing a level of stab protection found with the PC plated armour, which incorporates the 
flexibility demonstrated by fibre-based solutions. 
 
3.5 Next-Generation Body Armour Research 
A range of areas have been explored to encourage in the development of the next-generation of 
body armour, a number of which are explored within this section and include: 
 The use of Carbon Nanotubes (CNTs). 
 Liquid-based body armour. 
 Nature inspired body armour. 
 
3.5.1 Carbon Nanotubes 
Carbon Nanotubes (CNTs) are honeycomb tube-shaped structures which are categorised as 
containing single walls (SWNTs), double walls (DWNTs) or multiple walls (MWNTs) [129], [130] . 
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At a typical width of one ten thousandths the width of a single human hair, CNTs have 
demonstrated a number of benefits to their use over conventional materials, including: [131] 
 Greater electrical conductivity than copper. 
 Improved thermal conductivity over diamond. 
 Better mechanical strength than high tensile steel. 
 
Body armour incorporating CNTs have demonstrated greater energy absorbing characteristics 
over conventional technical fibre solutions [132].  A diagram depicting the behaviour of a CNT 
under impact is shown in Figure 3.25. 
 
 
Figure 3.25: Carbon Nanotube behaviour (a) pre and (b) post impact [52] 
 
To facilitate the manufacture of textiles using CNTs, a number of developments have been made, 
including reducing the substrate temperature used to grow high-quality nanotubes [131], [133].  
By reducing the growth temperature from approximately 700°C to below 400°C, the process of 
generating nano-composite materials for use within protective solutions were shown to be more 
feasible and financially viable [133].  It has been suggested that there is the potential to 
manufacture a 600μm thick CNT yarn based body armour that could provide sufficient protection 
against a bullet with an impact energy of 320 J [52]. 
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3.5.2 Liquid Armour 
Government research laboratories, academic institutions and an array of defence technology 
companies have been investigating the generation of ‘liquid armour’ [18], [134], [135].  The aim 
of such is to be fluid in its natural state, and provide suitable protection when a threat such as a 
ballistic projectile or knife blade is detected [134].  Liquid armour can typically be split into two 
groups:  
 Magneto Rheological (MR) based. 
 Shear Thickening Fluid (STF) based. 
 
MR based armour comprises of a mix of iron particles and a non-magnetic viscous solution.  Once 
magnetised, the iron particles attract each other to create dipole columns within 20 thousandths 
of a second [19].  This is depicted in Figure 3.26. 
 
   
Figure 3.26: Magneto Rheological fluid – Non-magnetised (left) and magnetised (right) [19] 
 
The energy dissipation effects of MR impregnated Kevlar™ samples have been investigated for 
the incorporation into future body armour solutions [19].  MR fluid was shown to occupy the 
space between the high strength Kevlar™ fibres, therefore once magnetised the fluid solidifies 
and increases the shear resistance of the armour – therefore enhancing energy absorption [19]. 
 
The practicality of STF-based liquid armour has been heavily investigated by researchers at the US 
Army Research Laboratory, University of Delaware, MIT, and BAE Systems [18], [135], [136] .  
Upon impact, the molecules within STF-based liquid armour lock together and harden to cause 
the impact force to be absorbed over a greater area than that compared to armour manufactured 
from traditional Kevlar™ [18], as demonstrated in Figure 3.27. 
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Figure 3.27: The impact behaviour of traditional and STF liquid armour [137] 
 
The enhanced behaviour of STF liquid armour may have the potential to reduce the risk of 
sustaining life threatening internal injuries [138].  Findings published by BAE Systems 
demonstrated that by impregnating Kevlar™ layers with STF, the number of layers to achieve a 
suitable level of protection against a ballistics round from a 9 mm handgun was reduced from 31 
traditional Kevlar™ layers to 10 STF impregnated layers [18].  Such a reduction in the number of 
Kevlar™ layers may potentially facilitate the development of armour that could have a 
significantly reduced mass and increased flexibility over traditional Kevlar™ based body armour. 
 
The protective effectiveness of STF-based textiles against both stab and puncture threats has also 
been investigated [20], [139].  As with ballistic testing, STF based Kevlar™ fabric demonstrated 
significantly improved resistance – reducing the number of Kevlar™ layers down from 15 neat 
layers to 12 STF impregnated layers.  It is understood that this enhancement was attributed to a 
reduction in the mobility of the Kevlar™ yarns - therefore preventing the stab or puncture threat 
from creating a window to penetrate the fabric [20].  Additionally, the testing of STF impregnated 
Nylon fabric samples demonstrated improved performance over neat alternatives – essentially 
opening up the possibility of generating a low cost and more readily available STF-based fabric 
alternative to Kevlar™ [136]. 
 
The commercialisation of STF-based armour may be some way off, with institutions stating that 
further development is required to create armour capable of absorbing higher velocity impact 
energies [18], [134].  
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3.5.3 Inspired by Nature 
Nature’s ability to generate optimal design solutions plays a key role in the design and 
manufacture of future armour.  A number of naturally occurring armours have been investigated, 
including: 
 Iron-based scale armour found on snails [140]. 
 Multi-layered fish armour [141]. 
 The generation of artificial spider silk [76], [142]. 
 The use of proteins found in Alzheimer patients [143]. 
 
The multi-layer properties of the ‘Scaly foot gastropod’ that features iron-based armoured scales 
around its foot have been the subject of much investigation [140], [144].  It is understood that the 
snail benefits from a principle known as mechanical property amplification – where its combined 
design is greater than any individual component [140], [145].  The scaly-foot snail is shown in 
Figure 3.28. 
 
   
Figure 3.28: The "scaly-foot" gastropod (a) top, and underside (b) [140] 
 
Instead of cracking and causing a systematic failure within the scaly design, when under attack 
pressure is dissipated as the cracks branch out [140]. 
 
Collaboration between MIT researchers and the US Army has focussed on the performance of the 
multi-layered armour system of the ‘Polypterus senegalus’ fish, as shown within Figure 3.29,  
when under attack [67], [141].  
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Figure 3.29: The armoured ‘Polypterus senegalus’ fish [146] 
 
While mimicking a bite attack, researchers were able to identify that the Polypterus senegalus 
armour would crack locally in a circular pattern around the strike zone – reducing the risk of 
failure spreading [141].  
 
Scientists have also been investigating whether the protein used to create spider silk fibres could 
be utilised for the manufacture of future body armour [76], [142].  This research attempted to 
manipulate a gene in order to create a fibre that contains the tensile and elasticity characteristics 
which could be tailored depending on its intended application.  It is believed that if the final 
results from this research is successful, the scientifically crafted spider silk could potentially be 
several times stronger than steel of a comparable thickness [147], [148] – opening up a myriad of 
potential uses including the generation of body armour.  However, the latest results have not 
been favourable - with artificial fibres lacking the strength and size characteristics to compete 
with true spider silk [76], [142].  
 
3.5.4 Next Generation Armour Summary 
A range of areas continue to be explored in an attempt to influence the development of the next-
generation of body armour.  Promising research has been demonstrated with the use of CNTs and 
STF impregnated armour – with results effectively showing a 60% reduction in the number of 
protective layers.  However, it could be regarded that the technology readiness level (TRL) of such 
solutions is low and is therefore currently not a commercially viable option for the generation of 
body armour. 
 
Developments have also been demonstrated using naturally inspired armour – specifically the use 
of scale-based, multi-layered systems which demonstrate reduced systematic failure whilst 
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providing enhanced flexibility.  The prospect of mimicking such armour has the potential to 
inform the development of the next-generation of body armour solutions. 
 
3.6 Patent Review 
A global patent review was performed to highlight the array of mechanisms believed to be 
capable of providing protection against a bladed threat both historically and within the present 
day. 
 
A selection of body armour related patents designed to prevent knife related injuries are outlined 
within the following chapter.  A series of patents relating to ballistic levels of protection are also 
documented where notable armour enhancement mechanisms are used.  These are split into four 
categories: 
 Fibre-based solutions. 
 Rigid-based solutions. 
 Articulated solutions. 
 Additional solutions. 
 
A full listing from this search can be found within Appendix B: Patent Review. 
 
3.6.1 Fibre-based Solutions 
Many types of fibre-based armour patents have been filed.  Examples include the use of aramid 
fibres, fabrics impregnated with abrasives, and even the incorporation of rigid or articulated 
elements.  These are documented within Table 3-2. 
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Table 3-2: Fibre-based patents 
Year Patent Number Assignee/Inventor Description 
1984 US4483020 Cittadine / Dunn Shock-resistant plates under layer of ballistic material 
1987 EP208499 Groves 
Flexible armour with energy absorbing half-spheres or 
hemispherical-shaped bodies 
1992 WO9220244 Darras Slash resistant material and surgical glove 
1993 EP544561 
France Etat / Binon, 
Raquin 
Ballistic resistant protection - stacked layers of 
polyethylene featuring fracturable honeycomb walls 
1993 US5200263 
Gould, Nichols / Gould, 
Nichols 
Composite material featuring the overlapping of flat 
plates within an elastomeric layer 
1998 US5738925 
Lockheed Corp. / Chaput 
 
Hard microstructure mounted on flexible membrane to 
deform across smooth curves when impacted 
1999 US5918309 
Second Chance Body 
Armour Inc. / Bachner 
Two flexible sheets formed of a plurality of honeycomb 
thermoplastic polyurethane cellular structures with 
body armour material between the two 
2012 US2012177861 
Milliken & Company / 
Eleazer et al. 
Energy absorbing parallel rigid end plates and fabric 
layers orientated in a z-axis direction 
2012 US2012180176 
American Development 
Group / Neal 
Multi-ply fabric stitched together with individual layers 
attached to allow free play preventing penetration 
2012 WO2012144894 
TNO, Carton, Broos / 
Carton, Broos 
Protective armour  featuring fabric/composite element 
with concave strike face aimed at reducing blunt 
trauma 
2012 US2012312150 
US Government / 
Gamache, Roland 
Body armour featuring flexible liner, a polymer binder, 
and ceramic solid elements embedded in to the binder 
 
One example of a fibre-based armoured solution incorporating rigid bodies is shown in Figure 
3.30. 
 
 
Figure 3.30: Patent EP2084499 - Flexible armour with energy absorbing elements [149] 
 
The potential solution shown in Figure 3.30 illustrate a multi-layered hybrid mix of aramid fibres 
and glass beads.  The inter-nesting beads trapped between fabric layers are designed to absorb 
the energy of a high speed projectile by dispersing it across a large number of bodies [149].  
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A number of patents were also identified which incorporated the use of honeycomb cellular 
structures in an attempt to create a stronger, more light weight armour – an example of which is 
shown in Figure 3.31. 
 
 
Figure 3.31: Patent US5918309 - Body armour featuring honeycomb cellular structures [150] 
 
The patent filed by 'Second Chance Body Armour Inc.', as shown in Figure 3.31, illustrates an 
armoured solution with a multi-component construction.  It comprises of a polyurethane 
honeycomb cellular core sandwiched between a plurality of armoured fabric sheets [150]. 
 
3.6.2 Rigid Armour 
Rigid armour solutions have historically provided significantly high levels of protection against 
sharp-borne threats.  In an attempt to further enhance the protection provided by such armour, 
and to enhance wearer comfort/performance, a number of developments in rigid armour have, 
and continue to be proposed.  Examples of such are documented within Table 3-3. 
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Table 3-3: Rigid armour patents 
Year 
Patent 
Number 
Assignee/Inventor Description 
1916 GB191502694 Shimamoto / Shimamoto Helical springs interlaced with steel wires and T-bars 
1970 US3523057 G.T. Schjeldahl Co. / Buck 
Protruding rigid members from surface once struck by 
projectile absorb and transfer energy.  Aim to improve 
armour plating to generate lightweight flexible armour 
1971 US3577836 Raymond / Tamura 
Armoured Garment featuring layered system to absorb 
impact energy.  Curved outer surface, porous foamed layer 
and a layer of rigid wall honeycomb units 
1972 US3705558 
General Motors Corp. / 
McDougal 
Lightweight armour with spherical balls in a pyramidal 
relationship to enhance support during impact 
1979 US4179979 
Goodyear Aerospace 
Corp. / Cook, Hampshire, 
Kolarik 
A torsionally restrained, multi-layered armour system 
featuring spherical ceramic units with fibre material 
1983 US4422183 
Landi, Wilson / Landi, 
Wilson 
Body shield incorporating a honeycomb core 
(perpendicular to body) and shock absorbing foam 
1986 EP0169432 Mehler AG V / Neidhardt Bullet stopping laminate consisting of aramid threads 
1991 DE3938741 Schulz / Schulz 
Geometric curved bodies stuck together via metal-oxide 
nitride and/or carbide layer 
1991 US5059467 
Eagle Military Gear 
Overseas Ltd / Berkovitz 
First impact front layer and spaced rear layer 
manufactured from tough, non-metallic material.  Armour 
features an inner hermetically sealed air space 
1998 US5804757 
Real World Consulting 
Inc. / Wynne 
Flexible, lightweight, compound body armour featuring 
multiple protective layers including non-planar elements 
to change the orientation of incoming projectiles 
2006 GB2422086 Halliwell 
Dynamic body armour - Featuring internal moving parts to 
prevent puncturing from bullet fired at close range 
2006 EP1700625 
Adidas International 
Marketing B.V. / 
Nuernberg 
Protection for athletes such as shin guards.  Plurality of 
hard projections arranged on support layer, with 
complementary support network 
2006 WO2006087699 Israeli Arie 
Layered ballistic armour with two dimensional array of 
packed elements and used to trap incoming projectiles 
2008 US2008078138 Baker 
High-strength and lightweight material composed of a 
tetrahedral lattice structure 
2009 WO2009048676 
University of Virginia et al 
/ Wadley, Murty, Jones, 
Gupta, Burkins 
Hybrid periodic cellular material structures –providing the 
potential for defeating blast and ballistic attacks.  
Structures allow for using efficient load support. 
2010 US2010095832 Boeing Co. / Gabrys 
Energy absorbing elements within a sandwich structure 
absorb energy instead of the body.  Energy absorbed 
through delamination and penetration 
2010 US2010257997 
Nova Research Inc. / 
Kucherov, Hubler 
Transforms projectile energy into solid-state lattice waves 
which facilitate energy absorption 
2010 US2010154623 
Aceram Materials and 
Technologies Inc. / 
Lucuta, Pageau, Lucuta 
Ceramic armour systems for personal protection, including 
plates, a plurality of interconnected components, and 
shock absorbing layers 
2011 WO201100527 
Lockheed Corp, Hunn, 
Havens, Lee / Hunn, 
Havens, Lee 
Armour with core made up of prismatic elements arranged 
in tessellated layers - featuring a curved surface of 
interaction between layers 
2012 US8272309 HRL Lab / Cumberland Body armour featuring 3D composite micro-trusses 
2012 GB2490894 
BAE Systems Plc. / 
Chandler-mant et al 
3D lattice structure via Laser Sintering of Duraform Flex1 
to generate personal protection equipment 
2012 US2012198594 Reay 
Flexible protective armour for sports providing ventilation 
for the wearer and comprises of a network of beams and 
spring elements to dissipate impact forces 
2012 US2012174750 
Honeywell International 
Inc. / Oboodi, Raybould, 
Strangman 
Armour material featuring first and second pate with loose 
powder.  Powder configured to absorb another portion of 
the kinetic energy from the moving projectile 
2013 GB2492585 Vestguard UK Ltd / Smith Encased tessellating ceramic tiles 
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Many of the patents documented within Table 3-3 relate to the incorporation of complex 
structures aimed to absorb the energy from an impacting projectile.  Such was typically 
performed through the incorporation of: 
 Laminate and sandwich structures. 
 Tessellated internal components. 
 Complex internal geometries such as lattice and truss networks. 
 
An example of a patent noted within Table 3-3  which attempts to enhance protective 
performance through the incorporation of dynamic energy absorbing elements is shown in Figure 
3.32. 
 
 
Figure 3.32: Patent GB2422086 - Dynamic body armour [151] 
 
The proposal shown in Figure 3.32 stated the use of a complex arrangement of components that 
feature high tensile steel balls attached to a strike face armoured layer [151].  The non-shattering 
balls are housed within a series of polymer honeycomb cells, and when impacted are able to 
move to the base of their cells [151].  The patent also states that each cell can be laterally 
displaced allowing energy to be absorbed from the impact implement, thus increasing the chance 
of capturing the projectile without penetration [151]. 
 
Similar dynamic solutions have also been developed to provide protection to individuals within 
the sporting arena [152].  An example of a patent filed by Adidas International relating to the 
development of a protective element for athletes is shown in Figure 3.33. 
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Figure 3.33: Patent EP1700625 - Protective element for body parts [152] 
 
Figure 3.33 suggested that the movement and subsequent interaction under impact of the male 
and female components could be used to absorb impact energy [152].  The featured design also 
shows a series of plastic fibres at the base of the cross-section which may further absorb 
additional impact energy [152]. 
 
Results from the search also highlighted a patent filed by BAE Systems relating to the Additive 
Manufacture of a liner for a ballistic resistant helmet [153] – this is shown in Figure 3.34. 
 
 
 
Figure 3.34: Patent GB2490894 - Laser Sintered protective helmet liner [153] 
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The helmet liner shown in Figure 3.34 was stated to be Laser Sintered from DuraForm® Flex to 
provide it with a “rubber-like flexibility” [153].  Its 3-D lattice construction is an attempt to 
address the issue of poor air circulation which is said to plague conventional fabric liner designs.  
The patent also stated that silver could be added to the DuraForm® Flex powder mix prior to 
manufacture, thus allowing for the addition of anti-bacterial properties [153]. 
 
3.6.3 Articulated Armour 
Table 3-4 documents a selection of patent search results relating to a number of historical and 
modern articulated armour solutions.   
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Table 3-4: Articulated armour patents 
Year Patent Number Assignee/Inventor Description 
1935 GB425066 Dworaczek Double layer metal scales between rubberised leather 
1962 FR1293303 Blanvin Chain mail consisting of triangular section links 
1975 US3867239 US Army / Alesi et al. An array of butted platelets on a flexible membrane 
1980 US4241457 Klein, Wilson Flexible/hinged panels which are rigid under impact 
1984 US4442150 Greiner, Mauch 
Flexible two-dimensional material - large square scale 
like structure held together using U-shaped stirrups 
1985 US4559251 Wachi 
Tile-like small nylon plates connected and formed 
beneath a layer of bulletproof fibre sheets 
1987 EP0226265 Itoh C & Co. Ltd. / Higuchi Overlapping hexagonal plates joined by members 
1988 EP0284696 Foin, Cie ETS / Foin 
Metallic fabric and protective garment manufactured 
from an assembly of rectangular metal plates with 
rounded short sides connected by metal rings 
1990 US4923728 Titan Corp. / Snedeker 
Protective armour in which the core is an assemblage 
of ceramic tiles arranged edge to edge 
1991 WO9106821 
Personnel Armoured 
Designs Ltd / Lee 
Overlapping plate (metal/ceramic/plastics/fibres) 
design held together using staples 
1992 WO9216813 
Protection Products 
International / Bryant 
Overlapping linked plate like elements - allowing easy 
replacement once damaged.  Also allowing different 
regions of armour to have enhanced protection 
1993 WO9310419 
DowtyArmourshield Ltd. / 
Sacks, Jones 
Protective discs placed on each side of a flexible sheet 
and arranged to ensure no gaps 
1994 EP611943 Meggitt UK Ltd / Davey Flexible shield for protection against penetration 
1994 GB2273312 Buchanan 
Small plates arranged in rows and connected to next 
plate in that row by overlapping the side regions and 
joining via snap fastening connector 
1994 WO9424894 Patchett 
Flexible armour sheet comprising of plurality of 
individual rigid plates interlocking with its adjoining 
plate secured by a network of locking pins 
1995 GB2285209 Bryant 
Flexible armour comprising of circular primary plates 
with peripherally located linking pins 
1996 US5515541 Sacks, Jones Flexible armour - Disc scales 
1997 FR2738996 
Europ De DevInd / Le 
Carpentier Jerome 
Personal body armour for security forces 
1997 US5601895 Cunningham Flexible puncture proof material 
1998 WO9853715 
Higher Dimension Medical 
Inc., Kim / Kim 
Solid objects arranged in a repeating pattern from 
interconnecting elastomer returning sheets to normal 
position.  Fabric is twistable, bendable and stretchable 
2001 EP1136005 Voigtlaender 
Non-stretchable fabric with identical metal plates 
attached to each side in which pairs are not displaced 
2006 US2006243127 Cohen 
Ceramic pellets and composite panel - absorbing and 
dissipating kinetic energy from high velocity projectiles 
2007 GB2433192 
Big Oak Sports & Survival 
Ltd / Williams 
Two layers of tessellated metal plates used to reinforce 
material for body armour 
2008 WO2008080611 Mueller 
Plated armour in matricial arrangement so straight 
lines of contact adjacent to armour plates are 
interrupted 
2010 WO2010037060 Neal / Neal 
Circular discs adhered to a layer of penetration 
resistant fabric and an energy absorptive impact layer 
2010 US2010319844 
PlasanSasa Ltd. / 
Hirschberg, David, Medem 
Semi-fabricated armour layer comprising of a layer of 
pellets made of high density material 
2011 US2011076429 Bromley, O'Connor 
Non-textile fabric using a linkage structure - Flexlock 
with headed pintle and conical buttressing 
2012 US2012240758 
Edan Administration / 
Cohen 
Armour system featuring interlocking adjacent pellets 
arranged in an array to maximise contact area 
between pellets without restricting movement of each 
pellet 
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From review of the patents documented within Table 3-4 protection against bladed threats via an 
articulated solution is typically proposed in the form of small, rigid, imbricated plates, flexibly 
joined via a network of hinges or rivets.  Additional methods include the use of mail, tessellated 
linkable 3D geometries, or a hybrid solution.  One proposed approach to articulate plated armour 
is shown in Figure 3.35. 
 
 
Figure 3.35: Patent GB2433192 - Tessellating metal plated armour [154] 
 
The armour shown within Figure 3.35 was stated to be manufactured from a series of tessellated 
curved metal plates and arranged on two layers [154].  The plated layers are loosely connected by 
a series of pins which once the armour is impacted enables elements surrounding the impact 
zone to move and disrupt the trajectory of the impacting projectile [154]. 
 
The design of body armour featuring a hybrid combination of articulated plates and aramid fibres 
has also been proposed [155], as demonstrated within Figure 3.36. 
 
 
Figure 3.36: Patent WO2010037060 - Armour featuring imbricated discs [155] 
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Within Figure 3.36, circular discs are manufactured from a high-hardness material such as 
polycarbonate, Delrin® or polyamide.  These elements are encased within an aramid ballistic 
resistant textile, with additional aramid sheets and a compressible foam layer placed below [155].  
 
The patent search also highlighted the proposed development of armour featuring a collection of 
non-textile fabric elements known as FlexLock™  [156] - an example of which is shown in Figure 
3.37. 
 
 
Figure 3.37: Patent US2011076429 - Non-textile fabric linkage structure [156] 
 
Armour designs using FlexLock™ non-textile fabric elements feature the interlinking of a series of 
three sided elements through the use of headed pintles and conical buttressing – manufactured 
from “forgeable polymer materials” [156].  Once connected, “the interconnection between the 
elements is such that a 4-axis bending movement is provided for a natural fabric-like feel” [156]. 
 
The network of FlexLock™ components are reported to provide movement in 4-axis and mimic 
the natural flow of conventional fabric materials [156].  The patent also states a military 
application may be possible by providing additional protection to existing armour in vital areas 
without hindering the performance of its wearer.  Such a protective mechanism may allow impact 
forces to be radially distributed away from the primary impact zone through the intimately 
connected elements [156]. 
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3.6.4 Additional Notable Patents 
A number of additional notable patents were also highlighted which provide an insight into the 
potential future of body armour features – examples of which are documented in Table 3-5. 
 
Table 3-5: Additional patents 
Year Patent Number Assignee/Inventor Description 
1988 GB2192697 Royal Ordnance Plc / Lee 
Reactive add-on armour.  Constructed using an 
explosive material which reacts to impact projective, 
reducing penetrative effect of shaped charges 
2000 US6012162 US Navy / Bullat 
High impact absorbing body armour with self-actuating 
mode - Hardened impact shield with one or more 
inflatable fluid cavities or cushions 
2009 US2009293711 
Triton Systems Inc. / 
Altergott et al. 
Armour repair kit 
2010 US2010186134 
Variloft LLC / Hunter, 
Hunter, Gathings 
Thermal regulating and load bearing inserts featuring 
3D fabric matrices to maintain air space between 
layers.  Matrix also absorbs shocks and distributes 
stresses 
2012 US8156570 Hockaday 
Helmet and armour actuated ventilation and heat 
pipes 
2012 GB2487966 Smith, Pennington-Ridge 
Armour with active cooling to increase wearer comfort 
without increasing weight or loss of performance 
2013 US8353065 Lineweight LLC Configurable body armour 
2013 US2013000408 
US Army / Meitzler, Wong, 
Reynolds, Ebenstein 
Self-diagnostic composite armour featuring ceramic 
tiles and transducers.  A signal fingerprint can be 
created which characterises the state of damage to a 
plate 
 
Such proposed developments include armour repair kits and body armour that could be 
configured to its wearer [157], [158]  – thus the ability to provide greater levels of protection at 
areas specific to the requirements of the wearer.  Additional future developments may also look 
at tackling historical issues related to body armour use, such as that of thermal regulation.  One 
potential solution was patented in 2010 [159], and is shown in Figure 3.38. 
 
 
Figure 3.38: Patent US2010186134 - Thermal regulating and load bearing insert [159] 
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Figure 3.38 details a series of core circular tubes sandwiched between two penetration resistant 
fabric layers [159].  The tubes are manufactured from olefin fibres with a diameter ranging 
between 5.08 - 19.05 mm, and are strapped together.  The 3-D fabric matrix is documented to not 
only enhance thermal regulation, but also absorb and distribute impact energy effectively to 
reduce BFS related injuries [159]. 
 
3.6.5 Patent Review Summary 
This review highlighted a range of patents which explore the generation of potentially new fibre 
based, rigid, articulated and hybrid body armour solutions.  A number of patents explored the 
manufacture of armour featuring multiple interlinking bodies and complex assemblies which may 
be difficult to realised using traditional manufacturing processes.  
 
By utilising the design freedom offered by emerging technologies such as AM, the realisation of 
such complex armour concepts may become more feasible.  The use of such manufacturing 
technology was proposed within Figure 3.34 (Patent GB2490894) for the manufacture of a helmet 
liner. 
 
3.7 Summary 
The development of armour, whether in nature or engineered, is driven by one essential 
objective – the desire to “maximise battlefield survivability and mobility” [1].  This is typically 
achieved by: 
 Maximising energy absorption, dissipation and freedom of movement. 
 Minimising deformation and penetration. 
 
Historical scale based armour has demonstrated a good balance between the trade-off of wearer 
protection and mobility.  Such armours have demonstrated excellent levels of protection whilst 
enabling the wearer an appropriate level of manoeuvrability.  They were however notoriously 
expensive and labour intensive to manufacture, and therefore were not suitable for wide scale 
deployment. 
 
Modern armour is now primarily focussed on the use of lightweight, highly engineered, fibre-
based solutions – capable of providing protection against high velocity threats.  Without the 
introduction of additional elements such as CNTs or plated elements, fibre-based body armour is 
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unsuitable at providing protection against low-velocity threats such as knives.  Instead, stab 
resistant body armour is typically manufactured from polycarbonate to create a non-flexible 
breast plate structure.  Police officers wearing such armour have reportedly experienced poor 
manoeuvrability, fitting, and reduced operational performance. 
 
In an attempt to enhance body armour flexibility whilst ensuring protection levels continue to be 
met, recent body armour research has turned to exploring how natural scale-based armour could 
potentially inspire the development of the next generation of body armour.  These armours 
typically consist of multiple layers of material which enable impact energies to be dissipated 
throughout the assembled structure, whilst allowing increased flexibility.  A range of scale-based 
geometric characteristics have been documented which could potentially be used for the 
informed redesign of complex interlinking, stab resistant elements.  
 
The size of individual protective elements was significant in the previously documented literature.  
For example, stab tested LS AM test specimens measuring 80 x 80 mm in length and width 
demonstrated appropriate levels of protection, however the study failed to investigate whether 
element size could be reduced.  Elements measuring 50 mm in diameter have been used for the 
generation of flexible Dragon Skin body armour.  This chapter also highlighted that naturally 
occurring individual elements ranged in size considerably - with animals measuring up to three 
metres in length featuring elements as small as 40 x 40 mm in length and width, as shown 
previously within Table 3-1.  The significantly reduced size of both naturally occurring and 
engineered scales in comparison to the established AM planar samples suggests that any future 
stab testing could feature planar specimens ranging between 40 to 80 mm square - with a median 
specimen size of 60 x 60 mm proposed. 
 
A range of novel body armour concepts were highlighted within the patent review in section 3.6.  
However, due to their design complexity may be difficult or impossible to realise via traditional 
manufacturing techniques.  Therefore the development of any naturally inspired body armour 
featuring complex interlinking assemblies, such as scale-based architectures, may need to utilise 
modern manufacturing technologies such as AM. 
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Chapter 4 Additive Manufacturing 
 
 
 
4.1 Introduction 
This chapter describes a series of primary Additive Manufacturing (AM) processes, and highlights 
a single process shown to be suitable for the generation of AM body armour.  The structure of 
this chapter is outlined within Figure 4.1. 
 
 
Figure 4.1: Additive Manufacturing literature review chapter structure 
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AM is a term used to describe the “process of joining materials to make objects from 3-D model 
data, usually layer upon layer, as opposed to subtractive manufacturing methodologies” [160].  
These processes facilitate the manufacture of highly complex geometries and assemblies [23].  A 
generic AM build process is described in Figure 4.2.  
 
 
Figure 4.2: A generic AM process [Adapted] [23] 
 
Originally used for prototyping applications, AM is playing an increasing role in the direct 
manufacture of end-use parts [23] – examples include shells for hearing aids, and custom football 
boots, as shown in Figure 4.3. 
 
   
Figure 4.3: Siemens AM hearing aid shell (left), and custom football boot (right) [23], [161] 
 
In 2012 the total AM market grossed in excess of £1.3 billion and is projected to be worth in 
excess of £3.8 billion by 2020 [162].  Such numbers demonstrate that both the direct and indirect 
utilisation of AM technologies is playing an ever increasing and significant role across an array of 
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industries from aerospace and academic research, to architectural and consumer electronics  
design [163].  Typical uses of AM technologies include: [23], [163] 
 Communicating and validating design intent. 
 Fit and function testing. 
 Design analysis and verification. 
 Product individualisation. 
 Casting patterns for tooling. 
 Direct part production. 
 
4.1.1 Advantages 
Increased creative freedom and the ability to realise virtually any geometry is widely regarded as 
the most notable advantage when utilising AM [23], [164].  This is a due to the technology’s 
ability to manufacture components without the need for tooling, and is therefore not bound by 
the traditional Design for Manufacture (DfM) constraints.  This advantage can allow for a more 
efficient and geometrically complex product to be manufactured [23], [164], such as the 
optimised AM component and Gaudi chair shown in Figure 4.4. 
 
   
Figure 4.4: Optimised AM component (left) and Gaudi chair (right) [165], [166] 
 
Further advantages associated with the use of AM include: [164] 
 Component consolidation and the elimination of traditional tooling, to reduce costs and 
lead time. 
 The potential to provide mass product individualisation. 
 Economical low and medium volume manufacturing. 
 Manufacturing components to incorporate varying mechanical and physical properties via 
the use of Functionally Graded Materials (FGM)[167]. 
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4.1.2 Limitations 
A number of limitations continue to inhibit a greater adoption of AM, including: [168] 
 The size of the build envelope is dependent on each machine and the AM technology 
being utilised. 
 Long process times are commonplace.  These are typically apparent when using laser-
based processes for the manufacture of large components.  This issue continues to be 
addressed, for example with the development of Envisiontec’s Perfactory Digital Light 
Processing (DLP) system [169]. 
 Engineering grade material selection is limited in comparison to conventional 
manufacturing processes.  This issue continues to be addressed with the evolution and 
development of new materials.  
 Uncontrolled surface roughness and undesirable stepping on curved surfaces due to the 
inherent additive building methodology may inhibit build quality. 
 
4.2 AM Manufacturing Technologies 
There are five ASTM recognised AM process classifications: [160] 
 Stereolithography (SL) 
 Material extrusion via Fused Deposition Modelling  (FDM) 
 Binder jetting via 3-Dimensional Printing (3DP) 
 Material jetting (MJ) 
 Laser Sintering (LS) 
 
4.2.1 Stereolithography 
Stereolithography (SL) is described as a “Vat photopolymerisation process used to produce parts 
from photopolymer materials in a liquid state using one or more lasers to selectively cure to a 
predetermined thickness and harden the material into shape layer upon layer” [23], [160].  This 
process is illustrated within Figure 4.5. 
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Figure 4.5: The Stereolithography process [170] 
 
The SL process uses an ultraviolet (UV) laser to cure cross-sectional areas of photosensitive resin.  
Once a layer is cured, the build platform drops, resin is recoated and the curing process continues 
until a complete part is built [171]. 
 
Such systems are capable of achieving minimum layer thicknesses of 0.05 mm, with good edge 
sharpness and accuracy, but typically demonstrating comparatively poor thermal and mechanical 
material properties making them unsuitable for functional operations [23], [164].  Parts 
manufactured via SL also commonly require the incorporation of break-away structures to assist 
in supporting objects during the build process [23], [171], as demonstrated in Figure 4.6. 
 
 
Figure 4.6: Examples of SL support structures [172] 
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By incorporating such supportive structures designers are able to realise more complex 
geometries.  Components manufactured via SL also require post-processing in order to cure the 
resin material to make it suitable for handling [23], [171]. 
 
4.2.2 Fused Deposition Modelling 
Fused Deposition Modelling (FDM) is a material extrusion AM process in which “material is 
selectively dispensed through a nozzle or orifice” [160].  This process is depicted within Figure 4.7. 
 
 
Figure 4.7: The FDM process [173], [174] 
 
Typically a polymer filament is extruded through a heated nozzle along a specified trajectory.  
Once a layer of material has been deposited, the build bed drops in the Z-direction and the next 
layer is extruded on top of the last until the build is complete [23].  "Any material as long as it will 
flow when hot and can solidify when cooled could be used within the FDM process” [175]. 
 
Parts manufactured via the material extrusion process have demonstrated good mechanical and 
thermal material properties [176–178].  In addition, sterilisable and bio-compatible materials are 
available for use with FDM systems - this has therefore enabled the manufacture of FDM 
components for functional medical applications [164], [179], [180]. 
 
When using the material extrusion process a number of considerations are required.  For example, 
when printing complex components featuring overhanging geometries, support material may be 
required to assist the building process [164].  Additionally, due to the inherent nature of the FDM 
process, parts manufactured using this technique are anisotropic - with a reduced tensile strength 
in their z-direction [181], [182]. 
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4.2.3 3-Dimensional Printing 
3-Dimensional Printing (3DP) is a binder jetting process “in which a liquid bonding agent is 
selectively deposited to join powder materials” [160].  This process is depicted within Figure 4.8. 
 
 
Figure 4.8: 3DP process [183] 
 
A layer of powder is deposited onto a build platform where an inkjet print head then selectively 
prints an adhesive binder.  The build platform proceeds to  drop in the Z-direction and a further 
layer of powder is deposited and selectively binds to the layer beneath it to create a 3-D object 
[23], [164].   Once the build process has been completed, the 3DP component is typically 
infiltrated with wax or resin to enhance mechanical properties or aesthetic appearance [184–186]. 
Any surrounding un-bound powder essentially acts as support material to facilitate the 
manufacture of geometrically complex components, streamlines material consumption, 
minimises manufacturing costs, and is commonly recycled [23], [164].  Variants of this process are 
also available where four CMYK cartridges are used to manufacture high resolution  full-colour 
prototype models [187], [188], as demonstrated within Figure 4.9. 
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Figure 4.9: 3-Dimensionally printed prototype wheel axle by 3D Systems [189]. 
 
Despite offering excellent build speeds, components manufactured via 3DP using polymer 
powder typically exhibit poor mechanical and thermal material properties in comparison to 
alternative AM processes.  Such components are therefore unsuitable for use as functional end-
use products without additional post-processing operations.  Instead polymer 3DP components 
are more commonly used for manufacture of models for visualisation purposes [23], [164], [190]. 
 
4.2.4 Material Jetting 
Material jetting is described as an “additive manufacturing process in which droplets of build 
material are selectively deposited” [160] onto a build platform.  A number of manufacturers have 
created such systems, including 3D Systems with their ‘ProJet’ range, and Objet's ‘Connex’ range 
of jetting printers [163].  The Objet Connex material jetting process is illustrated within Figure 
4.10. 
 
 
Figure 4.10: Objet Connex material jetting process [174] 
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Driven by its PolyJet Matrix, Objet's ‘Connex’ range of jetting printers feature eight print heads 
within a single print block [191].  Four print heads are typically used for build material, while the 
remaining four are used for support material - with each print head featuring 96 nozzles [191], 
[192].  Once droplets have been deposited onto the build platform, they are instantly cured under 
UV light.  The build platform then drops in Z-height to allow a further layer of material to be 
deposited [23], [163].  In total Objet sell a range of 17 primary photopolymer build materials 
which can be used to generate over 100 material combinations capable of simulating materials 
ranging in flexibility shore hardness [192]. 
 
An example of a joystick manufactured from multiple materials using a ‘Connex’ AM machine is 
shown within Figure 4.11. 
 
 
Figure 4.11: Objet Connex printed joystick manufactured using multiple materials [193] 
 
The joystick shown in Figure 4.11 was printed in one process and features multiple material – a 
rigid material for the stick handle, while a rubber-like material was used to generate the lower 
covering [193]. 
 
As well as the ability to print a range of multiple materials simultaneously, jetting processes are 
often speedier than alternative AM process and are able to manufacture components with 
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excellent print accuracies and resolutions [23].  Despite such advantages, components 
manufactured via MJ are expensive to manufacture, often exhibit poor thermal properties, and 
are susceptible to creep under working conditions [23], [171]. 
 
4.2.5 Laser Sintering 
Laser Sintering (LS) is “a powder bed fusion process used to produce objects from powdered 
materials using one or more lasers to selectively fuse or melt the particles at the surface, layer by 
layer, in an enclosed chamber” [160].  The LS process is shown within Figure 4.12. 
 
 
Figure 4.12: Laser Sintering process [194] 
 
The LS process is performed within a gas-tight process chamber, pre-heated to just below the 
melt temperature of the build material [195], [196]. When the build process commences, a fresh 
layer of powder is applied to the print bed and a 2-D profile is sintered into the material.  Once 
the sintering operation is complete, the build bed drops by the desired resolution, a fresh powder 
layer is applied and the sintering process continues [23], [171]. 
 
Components manufactured via LS typically require a low level of post-processing, or can be used 
directly from manufacture.  Any non-sintered powder acts as support material and can be 
appropriately recycled – meaning virtually any complex geometry can be realised [23], [164], 
[196].  This enables designers to optimise products according to their specific application.  LS 
components have also demonstrated excellent mechanical and thermal properties in a variety of 
materials and grades such as Polyamide (Nylon) [23], [164], [171].  Such benefits have been 
exploited in a range of industries - creating end-use components for high-performance Formula 
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1® (F1®) applications, to complex multi-body assemblies such as AM textiles [23], [24], [164].  
Examples are shown in Figure 4.13. 
 
   
Figure 4.13: Windform™ LS F1® Fuel Flap (left) and LS necklace (right) [197], [198] 
 
Despite the benefits offered by LS, there are a number of areas to consider prior to commencing a 
LS build.  As the process requires a heated build chamber, the time taken to pre-heat and 
consequently cool once the build is completed can be long [196], [199].  This is due to the need to 
control the rate of material crystallisation to ensure appropriate dimensional accuracy and reduce 
the risk of deformation [196].  It is also important to ensure the build chamber is appropriately 
cleaned prior to commencing.  Any foreign objects left within the build chamber have the 
potential to contaminate the build process and cause a failure mid-build [23]. 
 
Due to the documented versatility of LS, and its ability to realise parts and functional assemblies 
with virtually unlimited complexity, literature relating to Additive Manufacturing technologies will 
now primarily focus on Laser Sintering. 
 
4.2.6 Summary 
The five core AM process have previously been explored, with each process having significant 
strengths to their use.  For example, Stereolithography and Material jetting processes offer high 
resolution levels, while material extrusion processes provide a good range of steriliseable and bio-
compatible materials.  However, in terms of satisfying the aim of the research, developing textile-
based body armour using AM, the literature clearly demonstrates that use of the LS process offers 
significant benefits over the alternatives.  For example LS has demonstrated good print resolution 
levels, excellent tensile strength, the ability to minimise link separation distances, and is currently 
being successfully used in a number high performance and textile-based application.  With this in 
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mind, the remaining sections of this chapter are therefore focused on the use of the LS AM 
process. 
 
4.3 Additive Manufactured Textiles 
Additive Manufactured textiles are regarded as a relatively new and novel application for AM 
technologies - first proposed in 2000 by ‘Freedom of Creation’ (FOC) [166].  FOC demonstrated 
that by coupling a geometrically simple, interlinking hierarchical assembly with the use of AM 
technologies, sufficient freedom of movement and drape characteristics could be achieved for 
the generation and classification of an AM textile [200].  Examples of FOC designed AM textiles, 
and the World’s first 3-D conformal seamless AM textile garment realised by Laser Sintering are 
shown in Figure 4.14. 
 
  
Figure 4.14: FOC AM textiles (left) and the first conformal AM dress (right)  [201], [202] 
 
A high degree of emphasis is placed on the design of individual elements used to fabricate such 
garments – where an appropriate linkage design will often enable a balance to be achieved 
between aesthetics and the textiles ability to adhere to naturally occurring curvature called drape 
[164].   
 
There has also been increased commercialisation of AM textiles - with articles such as bags and 
bikinis available for purchase via online stores from FOC and US based experimental fashion 
design label ‘Continuum Fashion’ [203].  An example of Continuum Fashion's LS bikini is shown in 
Figure 4.15. 
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Figure 4.15: N12 bikini by Continuum Fashion [203] 
 
The N12 bikini is Laser Sintered from Nylon 12 and features non-intersecting circle geometries 
connected by a series of complex 3-D spiral curves.  Due to the method of manufacture and 
material costs, a complete N12 bikini set can range between $450 - $650 [203].  The N12 bikini 
also demonstrated that there is potential for a linkable geometry to vary in complexity – so long 
as it is appropriately designed to meet movement, drape, and any performance related 
characteristics [200]. 
 
The use of AM technology, specifically Laser Sintering, is also gaining in popularity within the 
catwalk fashion industry [204].  One example of this has been for the design and manufacture of 
haute couture - examples from Iris van Herpen’s collection are shown in Figure 4.16. 
 
     
Figure 4.16: Iris Van Herpen's couture collection. Capriole CP0051 (left), Crystallization CR0152 
(middle), Escapism ESC0112 (right) [205] 
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To generate such couture designs, Iris Van Herpen collaborated with individuals such as Neri 
Oxman of the MIT Media Lab, architect Daniel Widrig, and MGX by Materialise – the results of 
which have been showcased at Paris Fashion Week [205]. 
 
4.3.1 Additive Manufactured Textile Limitations 
Computer Aided Design (CAD) is an essential component for the creation of AM textiles [200].  
Despite helping to reduce product development time, the creation of highly detailed, 3-D AM 
textile CAD data can often be over-demanding for conventional CAD software and hardware 
systems - resulting in inefficient and time-consuming activities [200].  These issues are typically 
exacerbated when creating conformal garments such as those previously highlighted, or highly 
detailed AM textiles, such as that shown in Figure 4.17 [200]. 
 
 
Figure 4.17: Highly detailed linkable geometry designed by Dr. Guy Bingham [194] 
 
To create such complex AM textiles there is a requirement to ensure there is a sufficient level of 
separation between individual elements.  In addition, when generating conformal garments there 
is a need to “map complex 3-D geometries to a mesh structure” [200].  Once such requirements 
have been established, it may then be possible to optimise its manufacturing time by controlling 
the collapse of the AM textile within the build chamber [202], as demonstrated in Figure 4.18. 
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Figure 4.18: The controlled collapse of an AM textile [202] 
 
For this to be successful, there is an even greater need to ensure a suitable level of link separation 
appropriate to the manufacturing requirements is established [202].  
 
As stated, AM technologies can facilitate the manufacture of “free-moving assemblies in one 
manufacturing process” [200] – therefore, not all of the traditional Design for Manufacture and 
Assembly (DFMA) restrictions apply [200], [202].  With regards to the manufacture of AM textiles, 
such a de-restriction could enable designers, engineers, and scientists to develop smart and high-
performance textiles which may potentially offer improved mechanical functionality [200] over 
conventionally manufactured protective garments made from Kevlar™, Gore-Tex™ or PC.  For 
example, the inherent ability of AM technologies to manufacture highly complex geometries is 
already being utilised for the generation of stab-resistant AM textiles [24]. 
 
4.3.2 Stab-Resistant Additive Manufactured Textiles 
Initial development within the area of AM textiles for high-performance applications, 
demonstrated that in order to consistently achieve a level of stab resistance to the UK HOSDB 
KR1-E1 level of impact energy, the following minimum planar sample thicknesses were required: 
[2], [24], [206] 
 8.0 mm thick when using 100% virgin Polyamide (PA) 2200 powder. 
 5.6 mm when using a 50/50 mix of virgin and recycled PA 2200 powder. 
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Planar samples below these minimum thicknesses failed to achieve an acceptable level of 
penetration resistance. Two modes of failure were also highlighted – virgin powder samples 
fractured into two or more pieces, while the recycled powder samples failed due to the test knife 
puncturing in excess of the HOSDB limit [206].  These modes of failure are illustrated in Figure 
4.19. 
 
   
Figure 4.19: Sample failure - Virgin (left) and 50/50 mix (right) PA 2200 LS specimen [206] 
 
The results established within this initial study were used to influence the development of an 
imbricated articulated scale textile-like structure, realised by Laser Sintering [206] - as shown in 
Figure 4.20. 
 
   
Figure 4.20: Articulated scale AM textile – strike face (left) and underside (right) [206] 
 
The articulated textile samples shown within Figure 4.20 were manufactured from a 50/50 mix of 
virgin and recycled PA 2200, featured an individual scale thickness of 4.0 mm, and a minimum 
assembly thickness of 5.6 mm [206].  Using an in-house fabricated guide-rail drop tower and 
manufactured HOSDB specification knives, a maximum blade penetration of 1.6mm was recorded 
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– considerably below the 7.0 mm limit as defined by the HOSDB stab-resistant standard for an 
impact energy tested level KR1-E1 [2], [24], [206]. This is shown in Figure 4.21. 
 
   
Figure 4.21: Articulated scale AM textile demonstrating stab-resistance [206] 
 
Results from the initial stab resistant AM textile study demonstrated the successful design, 
manufacture, and testing of the first articulated scale textile structure manufactured from PA 
2200 to the HOSDB KR1-E1 impact energy of 24 Joules [2], [24], [206].  
 
4.4 Laser Sintering Materials and Enhancement Processes 
Polyamides (PA) dominate the Laser Sintering process – especially PA 12 derivatives [196].  Their 
success could be attributed to their ability to adapt to changing process parameters, and allow 
users to optimise parameters such as scan speed and laser power [196].  In addition, PA 12 
features a melting point of approximately 187°C, below that of alternative sintering materials 
such as PA 11 – which has a processing window known to be significantly smaller [196].  There are 
also distinct differences in the mechanical properties of these two grades of PA – as 
demonstrated with 3D Systems Duraform® and Duraform EX® powders.  Duraform EX® is noted to 
have an Ultimate Tensile Strength (UTS) of 48 MPa, greater than that of the Duraform® powder 
which features a UTS of 43 MPa [207], [208].  This essentially results in components 
manufactured from the PA 11 based powder having greater toughness and impact resistance 
properties compared to PA 12 counterparts [209].  Material data sheets for both Duraform® and 
Duraform EX® powders can be found in Appendix C: Duraform® and Duraform EX® Material Data 
Sheet. 
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There are also an array of PA composite materials which not only feature modified mechanical 
characteristics, but also other properties such as thermal conductivity, heat resistance, and 
appearance.  Such composites include: [196], [210] 
 Glass-filled fibres and beads. 
 Aluminium-filled (Alumide - PA+Al). 
 Carbon Nanofibre filled. 
 Alumina-filled (PA+Al203). 
 Flame retardant grades. 
 
Each reinforced PA powder provides specifically modified performance characteristics.  For 
example, specimens manufactured using aluminium-filled PA have not only presented enhanced 
surface finish characteristics, they have also demonstrated higher levels of stiffness and have 
been shown to be able to withstand temperatures greater than that by unfilled PA samples [210].  
Having demonstrated such characteristics, this material has been extensively used for automotive 
test applications as well as for the additive manufacture of rapid tooling [210]. 
 
A number of process parameters and activities can also affect the performance of LS parts, 
including but not exclusive to: 
 Layer thickness [196], [211]. 
 Build orientation [196], [210], [212]. 
 Part location within a build volume [196]. 
 Energy density [196], [211], [213]. 
 Powder refresh rate [214–216]. 
 Post-processing activities [2], [217], [218]. 
 
These are discussed in turn in the following sub-sections. 
 
4.4.1 Layer Resolution 
Layer thickness can be an important factor when sintering.  A typical layer thickness for a LS build 
is measured between 0.10 mm and 0.15 mm – where thicker layers increase productivity as less 
time is required to complete a build [196].  An appropriate layer thickness is required in each 
build to avoid negative effects such as: [196], [211] 
 Excessive build times where unnecessarily thin layers are used. 
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 Unacceptable dimensional accuracy and stepping where layers are too thick. 
 Unwanted growth in the Z-axis where laser energy is excessive for the layer thickness. 
 
4.4.2 Build Orientation and Placement 
Research has also shown that the orientation of AM parts during the build process has an effect 
on their performance characteristics [210], [212].  During one such investigation, unfilled, 
aluminium-filled, and Alumina-filled PA 12 cylindrical tensile specimens were assessed.  Findings 
demonstrated that unfilled PA 12 parts possessed the greatest strength when their longest 
dimension was orientated in the Z-axis direction [210].  Results also indicated that composite 
based PA 12 parts were significantly weaker in strength and strain - particularly the Alumina-filled 
parts which were shown to be weaker by up to 30% when built in the Z-orientation [210].  In 
general, the research has demonstrated that parts built in the x-axis were shown to feature the 
greatest tensile and compressive performance, while those built in the Y-axis are likely to 
demonstrate greater flexural performance [196]. 
 
Part placement within a build volume has also shown to have an effect on the mechanical 
performance of LS components.  It has been shown that those parts placed towards the back or 
corners of a build chamber are affected by an “inhomogeneous temperature distribution” [196] – 
where it is cooler on the outer edges of the powder bed compared to the centre.  This is depicted 
within Figure 4.22. 
 
 
Figure 4.22: An inhomogeneous temperature distribution across the powder bed of an EOS P390 
LS machine [196] 
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An inhomogeneous temperature distribution within LS builds have shown to result in PA 12 parts 
exhibiting lower tensile strengths when placed in cooler areas.  Published research has also 
indicated that the extent of this effect is nearly four times greater when components are 
manufactured from PA 11, in comparison to PA 12 parts.  This occurrence is believed to be 
attributed to the smaller processing window of the PA 11 powder in comparison to PA 12 - 
resulting in the PA 11 being unable to adapt to temperature changes within the build process 
[196]. 
 
4.4.3 Energy Density 
The mechanical performance of LS parts could also be influenced by a number of factors which 
can affect their density, including: 
 Powder particle size and shape – greater packing for a denser part to be achieved [196]. 
 Laser power – greater build energy to increase fusion between powder particles [211]. 
 
The effect of increasing laser power on LS PA 12 parts has previously been investigated using 
three laser powers – 11 Watts (W), 14 W, and 20 W.  Results demonstrated: [211] 
 At the high laser power all orientations featured the same yield stress. 
 Parts manufactured using the intermediate laser power demonstrated a reduction in 
yield stress – particularly those manufactured perpendicular to the build surface. 
 All test parts manufactured using the lowest laser power featured a reduction in yield 
stress - specifically those manufactured in the z-axis direction. 
 
Despite demonstrating that stronger components can be realised when part density is high, a 
number of issues have been highlighted.  If a greater density is achieved as a result of using higher 
energies, there is a risk of damaging the build material, and risk reducing the dimensional 
accuracy of the part – as excess powder around the part may be undesirably sintered [213], [219]. 
 
4.4.4 Powder Recycling 
Due to the expense associated with the manufacture of LS parts, it is seen to be economically 
desirable to reuse as much non-sintered polymer powder as possible [196], [214].  Published 
research has however shown that the excessive use of recycled powder can lead to a number of 
consequences, including: [196], [214], [215] 
 An increased melt point of polymer powders. 
 Reduced geometric accuracy of parts. 
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 Increased surface roughness – commonly referred to as “Orange Peel”, as demonstrated 
within Figure 4.23. 
 
 
Figure 4.23: LS part featuring "orange peel" texture [215], [216] 
 
The typically undesirable “orange peel” effect shown within Figure 4.23 is often exhibited on 
vertical or near-to vertical walls where high levels of recycled powder have been used [215].  To 
reduce the likelihood of such occurring, a powder refresh rate of between 30-70% using virgin 
powder is recommended - with general practice typically featuring 50% virgin powder per build to 
maintain good quality parts [215].  Refresh rates are however dependent on material types and 
the grade of polymer used [214]. 
 
Research featuring use of recycled Duraform® PA powder has demonstrated parts with higher 
tensile strength and elongation at break levels, when compared to virgin Duraform® PA powder 
[196], [214].  This enhanced mechanical performance has been attributed to the increased 
molecular weight of the recycled powder – where prior thermal loading of the polymer particles 
enable them to pack more efficiently and become more ductile [23], [220]. 
 
4.4.5 Post-processing Activities 
Post-processing of LS components has shown to enhance mechanical and aesthetic characteristics 
[2], [217], [218].  Research performed at Loughborough University has investigated the effects of 
electroplating on the mechanical properties of SLS manufactured components [217].  The primary 
aim of this research was to enhance the mechanical performance of the components by making 
them suitable for end use purposes, and provide an alternative to Direct Metal Laser Sintered 
(DMLS) parts [217]. 
 
“Orange Peel”
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Within the study a series of tensile and impact SLS test parts were manufactured and electro-less 
plated with nickel to make them conductive for electroplating.  The components were then plated 
with copper and nickel at thicknesses of 20 µm, 60 µm & 120 µm to generate a laminated-type 
structure [217].  This is shown in Figure 4.24. 
 
 
Figure 4.24: Optical microscope images of coated Laser Sintered samples [217] 
 
Upon review of Figure 4.24, it is possible to identify the transition between the various coatings 
and the core SLS material.  Researchers identified that the complicated deposition pattern in the 
samples could be attributed to the greater surface roughness on the core material [217]. 
 
The study also identified that mechanical properties such as the Young’s modulus (E), the UTS, 
and the impact strength of the electroplated SLS components were enhanced.  Plated SLS parts 
also demonstrated greater performance than SL manufactured components plated and tested in 
an identical manner [217], the results of which are illustrated in Figure 4.25. 
 
 
Figure 4.25: Impact strength results from coated SL & LS samples [217] 
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The impact strength results shown in Figure 4.25 demonstrated that by applying a metal coating 
to LS components impact resistance could be enhanced, and potentially facilitate their use as end 
use components for a wider number of applications than without such coatings [217]. 
 
'The Centre for Materials Research' at the University of London has also been working in 
collaboration with ‘Morganic Metal Solutions’ to develop nanocrystalline solutions manufactured 
by electroforming [218].  Their research highlighted that “nanocrystalline copper…shows signs of 
being much stronger than normal bulk copper” [218], as highlighted in Figure 4.26. 
 
 
Figure 4.26: Comparing electroformed copper with commercial alternatives [217] 
 
The enhanced strength exhibited by the electroformed nanocrystalline copper appeared to be 
attributed to its small grain size, typically in the range of 100-600 nm.  To put this into context, 
the grain size of the bulk copper alternative were measured in the range of 10-50 µm, suggesting 
that an increase in grain size may degrade material strength [218].  Additionally, through the use 
of an Electron Dispersive x-ray Spectroscope (EDS), the electroformed nanocrystalline copper was 
found to contain no impurities thus making it 100% copper [218]. 
 
Research has also been performed which illustrates the benefit of using nanocrystalline copper 
for stab resistant applications [24], [206].  A series of virgin powder PA 12 LS planar specimens 
ranging in thickness from 1-10 mm were coated in a 150 µm layer of nanocrystalline copper.  
When stab tested using an in-house machined HOSDB P1/B specification blade at an impact 
energy of 24 Joules, a significant improvement in stab-resistance was demonstrated.  The effects 
of coating 1.00 mm thick planar specimens with a 150 µm layer of nanocrystalline copper is 
shown in Figure 4.27 [24]. 
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Figure 4.27: 1.00 mm thick; non-coated virgin (left) and metallised virgin PA12 (right) [24] 
 
Despite failing to meet UK HOSDB stab resistant requirements, when compared to non-coated 
virgin PA 12 specimens, the nanocrystalline copper plated samples demonstrated enhanced stab-
resistance by nearly 50% - reducing knife penetration in 1.00 mm thick samples from 120 mm to 
61 mm [24], [206].   
 
The research also highlighted difficulty in ensuring a consistent coating thickness had been 
applied, especially over complex surfaces or assemblies.  Thorough examination of specimens 
during the process was required, therefore increasing the time spent during the plating process.  
Coupled with the inherently slow deposition procedure, the costs and time associated with 
transporting specimens to and from the plating facility, and the cost of the process itself, a 
substantial increase in the cost of manufacturing each plated LS specimens was experienced [206]. 
 
4.5 Design Considerations for Polymer Laser Sintering 
As highlighted within section 4.1.1, the utilisation of AM technologies can enable designers to 
negate some of the conventional design principles.  This can allow greater freedom to explore a 
wider range of complex and novel geometries, consolidate component numbers, and optimise 
material use for a high strength to weight ratio [23]. 
 
A range of design considerations have been investigated when sintering using PA 12 based 
powders [221–224].  Such areas include: 
 Establishing the relationship between minimum circular hole size and specimen thickness. 
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 Determining the proximity of features to the edges of components. 
 Defining minimum gap requirements. 
 Documenting good manufacturing practices for LS. 
 
4.5.1 Circular Holes 
A relationship between the minimum achievable circular hole size and specimen thickness has 
been investigated.  Test specimens featuring holes ranging in diameter from 0.125 mm to 4.00 
mm across seven plate thicknesses between 0.939 mm and 12.70 mm were studied.  Holes were 
built in both vertical and horizontal orientations - the findings of which are displayed within Table 
4-1 [221]. 
 
Table 4-1: Circular hole minimum feature size vs. plate thickness [221] [Adapted] 
 Plate Thickness (mm) - Vertical Build  Plate Thickness (mm) - Horizontal Build 
0.939 1.877 3.755 5.253 7.152 9.327 12.700 0.939 1.877 3.755 5.253 7.152 9.327 12.700 
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0.125               
0.250               
0.300               
0.400               
0.500               
0.600               
0.800               
1.000               
1.100               
1.300               
1.500               
1.750               
2.000               
2.250               
2.500               
2.750               
3.000               
3.250               
3.500               
3.750               
4.000               
 
Within Table 4-1 the red regions indicated a failed feature; the yellow regions indicated when 
hole features contained irregularities, while the green regions highlighted hole features which 
were formed as required [221]. 
 
The results from this study suggested that smaller holes were achievable when the build 
orientation was vertical.  For example, the minimum hole diameter with a plate thickness of 0.939 
mm is 0.60 mm when vertically orientated, and 1.10 mm when horizontally orientated - as 
documented within Table 4-1 [221].  In regions where small holes are required, the study 
recommended minimising material thickness [221].  This trend is supported by additional LS 
design guidelines proposed by EOS where 0.6 mm diameter holes are achievable with wall 
thicknesses as low as 0.30 mm [222], [223].  
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4.5.2 Feature Proximity to Component Edges 
The proximity of features to the edges of components has also been investigated.  Identifying 
such requirements enable features to be appropriately positioned without compromising the 
performance of the feature and overall component [221].  Examples of good and badly positioned 
features within a component are displayed within Figure 4.28. 
 
 
Figure 4.28: Identifying examples of good and bad feature proximity to edge [221] 
 
Hole feature proximity results from testing specimens built in both horizontal and vertical 
orientations suggested that a minimum distance of 0.8 mm was required between the feature 
and wall edge with holes below 3.75 mm in diameter in both orientations.  For holes greater than 
6.25 mm in diameter, a proximity distance of between 0.85-1.05 mm was required when 
vertically orientated [221].  
 
4.5.3 Minimum Gap and Separation Requirements  
Establishing appropriate gap spacing is important when building multi-component structures via 
LS to prevent the fusing of components or bodies [200], [221].  The gap performance of 
specimens ranging in thickness from 0.939 mm to 12.70 mm has been assessed - with featured 
gaps measuring between 0.125 mm and 4.00 mm.  Specimens were built in both vertical and 
horizontal orientations [221]. 
 
Results demonstrated that a minimum gap size of 0.5 mm was achievable with 0.939 mm thick 
specimens vertically orientated, while a minimum 0.70 mm gap size was required when 
specimens were horizontally orientated.  The study also demonstrated that the thicker the 
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specimen, the larger the gap spacing required - for example with 12.70 mm thick vertically built 
specimens the minimum gap requirement was established at 1.20 mm [221].  
 
Additional design guidelines established by EOS GmbH suggest that a gap width of 0.50 mm is 
achievable with a wall thickness of 0.30 mm [222], as shown within Figure 4.29. 
 
 
Figure 4.29: Establishing minimum gap requirements [222], [223] 
 
As  the wall thickness increased up to 6.00 mm, the smaller gap distances were shown to be 
difficult to maintain - with powder fusing within the local area [222], [223]. 
 
To ensure multi-body components such as AM textiles are able to independently move, 
establishing a degree of link separation is paramount [200], [202].  A minimum 0.30 mm 
separation between components is recommended by 3D Systems™ and has previously been used 
to investigate the feasibility of developing stab resistant LS AM textile structures [2], [24], [206]. 
 
4.5.4 Further Design Considerations 
Additional design considerations include: 
 A minimum pin diameter of 0.8 mm [221], [222]. 
 A minimum wall thickness of 0.6 mm is required to build a sturdy horizontal wall, while 
0.8 mm when built vertically [221].  Additional research suggested that wall thicknesses 
of 0.45 mm are achievable depending on the LS system being used [222]. 
 Where parts require labelling or serial numbers for traceability, recommended point sizes 
of 12 is advisable for Sans Serif fonts [221], and 14 point or higher when using a Serif font 
[221], [222] have been established. 
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A selection of the design considerations previously documented when using polymer LS, in the 
context of AM textile development are illustrated within Figure 4.30. 
 
 
Figure 4.30: A selection of AM design considerations in relation to AM textile development 
 
In addition to the outlined design considerations, a number of practical design and manufacturing 
tips have been suggested: 
 Minimise part volume by hollowing them - thus reducing material consumption, 
manufacturing time and associated costs [225]. 
 Ensure hollowed parts allow for easy removal of non-sintered powder - minimising post-
processing times [222]. 
 Appropriately process 3-D CAD data.  Files that are too small may feature faceted parts, 
and too large a CAD file may be too difficult to process [225]. 
 Minimise build z-height by appropriately stacking multiple components - reducing 
machine operation hours and powder use [222]. 
 
4.6 Summary 
The literature presented within this chapter demonstrated how AM technologies are being used 
within real-world, high-performance applications.  The use of such has shown to have significant 
advantages over conventional manufacturing practices by enabling designers to negate some of 
the traditional DfM constraints.  The LS AM process has demonstrated its versatility to realise 
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both geometrically complex components for high performance applications, and for the 
manufacture of multi-component textile-like assemblies. 
 
A feasibility investigation has been performed into the use of LS for the manufacture of stab 
resistant body armour; however, the work did not thoroughly establish the design characteristics 
used to generate an appropriate level of stab resistance to UK body armour standards. 
 
This chapter also highlighted two polymer material types commonly used within the LS process – 
PA 11 and PA 12 based powders.  A number of studies presented highlighted the importance of 
utilising recycled non-sintered powder both economically and for the mechanical performance of 
parts [196], [214], [216].  Parts manufactured from a typical powder refresh rate of 50% virgin 
and 50% recycled demonstrated greater tensile strength performance in comparison to 
components manufactured from virgin PA 12 based polymer powder [196], [214] - a potentially 
desirable characteristic if attempting to absorb impact-based threats.   
 
A series of minimum feature size design characteristics were also outlined.  Characteristics such 
as gap size, the proximity of features to the edges of parts, and minimum separation between 
components within an assembly were important when intending to design and manufacture 
multi-body LS structures. 
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Chapter 5 Research Methodology 
 
 
 
5.1 Problem Definition 
Within the UK, protective body armour garments typically comprise of highly technical fibres or 
PC moulded breastplates.  Despite providing protection to UK Home Office standards, wearers of 
such armour have expressed poor manoeuvrability and issues of discomfort - reportedly due to 
excessive armour mass and poor flexibility. 
 
Historical armours such as chainmail have provided high levels of stab protection and wearer 
manoeuvrability.  Such flexible armour solutions were however notoriously labour intensive and 
expensive to manufacture.  More recently filed patent applications have again begun to explore 
the use of linkage structures to create articulated body armour solutions, however the ability to 
realise such via conventional manufacturing practices may be difficult to achieve.    
 
Utilisation of the LS AM process has already demonstrated its ability to realise highly complex 
geometries and functional assemblies within a single manufacturing process.  This process 
manufactures components from powdered material by selectively fusing cross-sectional layers 
generated from 3-D CAD data.  Any non-sintered powder essentially acts as a support material 
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during build operations.  The versatility of this process has been demonstrated with the 
manufacture of a variety of components for use within a range of industries such as for motor 
racing applications and within the fashion industry.   
 
Initial research performed to determine the suitability of polymer LS for the generation of stab 
resistant body armour demonstrated the ability to achieve a stab resistant structure using PA 
2200 (PA 12) powder.  All tests within this study were performed using in-house manufactured 
test blades on an in-house manufactured guide rail drop test impact tower.  The opportunity 
therefore exists to advance knowledge surrounding the use of polymer LS for the generation of 
stab resistant body armour through the use of: 
 Instrumented and robust drop tower apparatus. 
 Approved original equipment manufacturer (OEM) HOSDB P1/B test blades.    
 
There is also an opportunity to identify potential stab resistant design criteria influenced by the 
protective characteristics featured within the biological and historically engineered armour 
solutions identified within Chapter 3.  Through the use of LS technology, there is an opportunity 
to realise naturally and historically inspired stab resistant protective solution which may not be 
able to be realised via conventional manufacturing practices. 
 
These factors, coupled with the current infrastructure at the author’s research institution 
therefore led to the decision for this body of research to investigate the generation of AM stab 
resistant body armour test samples realised via polymer LS.  
 
5.2 Research Aim 
The aim of this research investigation is to provide a novel contribution to the knowledge 
required to further utilise Additive Manufacturing technologies for the development of stab 
resistant body armour, with the long-term aim of exploiting commercialisation opportunities.  To 
facilitate such, there is a need to establish a series of manufacturing, design, and test parameters 
for the further development of polymer LS stab resistant AM body armour - as noted within 
Chapter 1.2. 
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5.3 Research Approach and Objectives 
To meet the research aim identified within section 5.2, the following objectives were established: 
 
1) Apparatus & Methodology 
Establish a stab test methodology and identify an appropriate test blade for stab testing 
to the UK HOSDB KR1-E1 impact energy of 24 Joules. 
 
2) Identifying single layer stab protection 
Assess the stab resistant performance of single layer thickness specimens using two 
common Laser Sintering materials - Duraform® and Duraform EX®.  Test results informed 
the use of the most suitable build material for further testing.  
 
3) Establishing dual layered stab protection 
Based on the material choice identified within Objective 2; assess the stab resistant 
performance of dual layered test samples, inspired from layer based protective 
mechanisms. 
 
4) Stab resistant design features 
Explore a range of additional design features which could be used to ensure dual layer 
stab protection is maintained across imbricated assembly. 
 
5) Generating an imbricated assembly 
Manufacture and stab test imbricated stab resistant elements within an assembled 
configuration to the UK HOSDN KR1-E1 impact energy of 24 Joules. 
 
6) Dissemination 
To disseminate the results and knowledge gained from this research to relevant academic 
and industrial audiences. 
 
By successfully achieving these objectives, this research will present a novel contribution to 
knowledge and demonstrate how LS AM technology can be used to for the development of stab 
resistant protective body armour. 
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Chapter 6 Stab Test Experimental Methodology 
 
 
 
6.1 Introduction 
Driven from the previously documented HOSDB body armour standards [7], [9], this chapter 
documents a generic stab test methodology to be used in future stab testing.  Topics of focus are 
identified within Figure 6.1. 
 
 
Figure 6.1: Stab test experimental methodology chapter structure 
 
Chapter 1
Introduction
Chapter 12
Discussion & Conclusions
Chapter 2
Sharp-Force Incidents
Chapter 3
Armour
Chapter 4
Additive Manufacturing
Literature Review
Chapter 5 
Research Methodology
Chapter 9
Establishing Dual 
Layered Stab Resistance
Chapter 10
Identifying Minimum 
Element Size
Chapter 8
Establishing Single Layer 
Stab Resistance
Chapter 7
Stab Blade Identification
Chapter 11
Element  Concept 
Design and Analysis
Chapter 6 
Stab Test Experimental Methodology
6.2 Drop Tower 6.4 Test Requirements6.1 Introduction 6.3 Backing Material
6.7 Conclusions
6.6 Operational 
Procedure
6.5 Recording 
Penetration
Literature Review
Chapter 6 Stab Test Experimental Methodology 
103 
6.2 Instron 9250HV Drop Tower 
All stab tests were performed using an ‘Instron 9250HV’ instrumented impact tower located 
within the Sports Technology Institute (STI) at Loughborough University in accordance with 
appropriate Health and Safety requirements.  The drop tower used is detailed within Figure 6.2.  
 
 
Figure 6.2: Instron 9250HV Drop Tower (left) & schematic (right) 
 
The latch block shown in Figure 6.2 was used to hoist the drop weight assembly and attached 
items to the required drop height.  The latch within this block was released to allow the weighted 
assembly to fall using the drop pillars as a guide [226].  Prior to installation of the test blades, the 
mass of the drop weight assembly, including the data acquisition tup, and blade chuck was 
calibrated at 6.50 kg.   
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Figure 6.2 also highlights the velocity detecting apparatus that was used to validate impact test 
performance.  A velocity detector was mounted within the drop tower enclosure, while a velocity 
detector flag located on the drop vehicle assembly was used to activate the detector [226].  
Further details relating to the calibration of the velocity detector prior to testing is documented 
within section 6.6. 
 
To prevent damage to the drop vehicle and to control the maximum distance the blade was able 
to travel, two stop blocks were also installed. 
 
Operation of the drop tower was controlled via the Instron Dynatup Impulse data acquisition 
software system which accurately controls machine parameters and records the data gathered 
from testing [227]. 
 
6.3 Backing Material 
Roma Plastilina® No. 1 clay was used as the backing material for all tests – as defined by the 
previously documented HOSDB body armour standards [228], [229].  The clay was manufactured 
by Sculpture House, Inc. and was purchased from Dauphines of Bristol.  The backing material was 
housed within steel fabricated trays filling a volume measuring 84 x 84 x 70 mm, as shown in 
Figure 6.3. 
 
 
Figure 6.3: Roma Plastilina® No.1 clay and backing tray 
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The clay housing trays featured two angle iron bars which enabled them to be temporarily 
secured to the bed of the drop tower during stab testing, as previously shown in Figure 6.2. 
 
Three clay housing trays were used during testing to allow their rotation between tests and to 
maintain thermal conditioning.  Each tray was thermally conditioned at a temperature of 30°C for 
three hours using an Alpha 190H temperature chamber manufactured by Design Environmental 
Ltd - in line with UK HOSDB body armour standards [228], [229]  When conditioned to this 
temperature, the Roma Plastilina® clay is regarded as a flesh simulant - providing appropriate 
mechanical support, and a means to measure armour deflection and penetration [230]. 
 
6.4 Test and Environmental Requirements 
Testing was performed to the first level of stab impact energy as defined by the UK HOSDB KR1-
E1 [9].  These requirements are documented within Table 6-1. 
 
Table 6-1: UK HOSDB Knife Resistant Level One Protection Requirements 
Energy Level Stab Energy (Joule) Maximum Blade Penetration (mm) 
KR1-E1 24 +/- 0.5 7.00 
 
By using the requirements outlined within Table 6-1, and the settings documented within section 
6.2, the estimated height and velocity of the drop vehicle was calculated assuming the following 
conditions: 
 Drop vehicle mass - 6.5 kg 
 Stab impact energy  - 24 J 
 The force of gravity - 9.81 m/s 
 
In order to establish the drop height required to generate stab impact energy of 24 J, the formula 
outlined within Equation 2 was rearranged. 
 
Equation 2: Calculating drop height [231]  
                                             (2a) 
  
     
   (2b) 
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        (2c) 
 
The velocity of the drop vehicle was also calculated using Equation 3. 
 
Equation 3: Calculating drop vehicle velocity [232]  
                                          (3a) 
    
 
 
    (3b) 
   
 
 
   (3c) 
      (3d) 
                    (3e) 
       (3f) 
          (3g) 
 
The test requirements previously outlined within Table 6.1 were therefore enhanced with the 
inclusion of the calculated drop mass, height and velocity settings – as documented within Table 
6-2. 
Table 6-2: Stab test experimental requirements 
Energy 
Level 
Stab Energy 
(Joule) 
Drop Mass 
(kg) 
Drop Height 
(m) 
Drop Velocity 
(m/s) 
Maximum Blade 
Penetration (mm) 
KR1-E1 24 +/- 0.5 6.50 0.376 2.716 7.00 
 
At the KR1-E1 impact energy of 24 J (+/- 0.5 J) and featuring a vehicle drop mass of 6.50 kg, drop 
height of 0.376 m and velocity of 2.716 m/s were calculated.  These figures were in-line with 
those automatically generated as part of the Instron Impulse control system.  Under these 
outlined conditions, blade penetration through the underside of any test sample should measure 
no greater than 7.00 mm – anything greater than this above was deemed as a failed test sample. 
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All experimental tests were performed in an ambient environment within a temperature range of 
21°C +/-6, and a relative humidity range of 30-70% as defined by the HOSDB [9].  
 
6.5 Recording Blade Penetration 
Two methods of recording knife penetration were identified: 
 Method one: Measuring cut lengths in witness paper placed between the test sample and 
backing material [9] - as shown within Figure 6.4. 
 Method two: Directly measuring blade penetration through the underside of each test 
sample using digital callipers - also shown within Figure 6.4. 
 
   
Figure 6.4: Illustrated examples of the two methods used to measure blade penetration 
 
The witness paper used within the first method was 140 g/m² Polyart® paper [9], [233].  Each 
piece of witness paper measured 80 x 80 mm and was placed between the top surface of the clay 
backing material, and the underside of each test sample.  The paper was used to measure the 
level of blade penetration through the underside of the test sample, where the length of cut in 
the paper related to the geometry of chosen test blades [9].  A chart for converting the cut length 
in the witness paper to the level of blade penetration has previously been established by the 
HOSDB [9].  A virgin piece of Polyart® paper was used for each stab test, with used witness paper 
labelled and archived accordingly [9]. 
 
The second method of measuring blade penetration was directly measuring blade penetration via 
the use of digital callipers, as previously illustrated within Figure 6.4.  This method was also 
chosen to assess the validity of the results gathered via use of the witness paper.   
  
Chapter 6 Stab Test Experimental Methodology 
108 
6.6 Operational Procedure 
The stab test operational procedure is outlined within Table 6-3.  
Table 6-3: Drop test operational procedure 
Step Operation 
1 
Prepare test samples and leave to condition within the experimental environment for 
24 hours prior to testing 
2 
Condition the clay backing trays for 3 hours at 30°C using an Alpha 190H temperature 
chamber 
3 Turn on Instron 9250HV drop tower apparatus and perform visual safety checks 
4 
Generate a new test ‘Method’ within the Instron Dynatup software system  – setting 
the primary test requirement of 24 Joules of impact energy 
5 Install stop blocks and blade chuck 
6 
Calibrate the drop vehicle mass via the ‘Impulse data acquisition system’ 
 Release drop weight assembly 
 Zero mass in the ‘Impulse’ control system 
 Retrieve the drop weight assembly to establish and calibrate mass 
7 
Calibrate the velocity detector by aligning the lower surfaces of the velocity flag and 
detector as shown in Figure 6.5. 
 
 
Figure 6.5: Calibrating the Instron 9250HV Velocity Detector [226], [227] 
 
Once aligned, increase the height of the drop vehicle and perform the velocity test 
using the ‘Impulse data acquisition system’ 
8 Install a conditioned backing material tray, as shown in Figure 6.2 
9 Install an appropriate test blade 
10 
Apply witness paper to the top of the clay if required – as determined in section 6.5 
Recording Blade Penetration 
11 Apply a new test sample to the centre of the backing material tray  
12 
Zero the height of the Instron 9250HV test apparatus to allow real velocity and impact 
energy values to be established 
 Manually lower the drop vehicle assembly until the tip of the blade is just 
touching the top surface of the test specimen 
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 Zero the height of the drop vehicle within the ‘Impulse data acquisition 
system’ 
13 Align the velocity detector and flag as per step 7 
14 Ensure all safety locks are activated 
15 
Use the Impulse data acquisition system to generate a new test using the test method 
previously created in step 4. Include: 
 Test name and date 
 Sample dimensions 
 Type of sample 
16 
Use the Impulse data acquisition system to raise the drop vehicle to the determined 
impact test height of 0.376 m above the test sample 
17 Once at the correct height, “ARM” the system via the ‘Impulse’ system 
18 Select “FIRE” to release the drop weight assembly 
19 Record blade penetration 
20 
Repeat steps 9-19 for all new test samples, changing the backing material tray after 
each test – returning unused trays to the temperature chamber 
 
6.7 Conclusions 
A number of key experimental and operational requirements were established within this chapter. 
Most importantly the identification of the calibrated Instron 9250HV drop tower - an 
instrumented tower in which drop test parameters can be set to ensure test repeatability. 
 
With a required stab impact energy of 24 J, as defined by the HOSDB, and a drop vehicle mass of 
6.50 kg, the drop height between the strike surface of any test specimens and blade tip was 
calculated at 0.376 m. 
 
Roma Plastilina® No.1 material was identified for use as specimen backing material – and 
required conditioning for three hours at 30°C prior to experimentation.   Two methods of 
measuring blade penetration were also identified, use of the Polyart® witness paper and 
secondary method of taking direct calliper measurements. 
 
The operational procedure outlined within Table 6-3 provides a concise step by step outline 
relating to the calibration and operation of the Instron 9250HV drop tower and associated 
apparatus. 
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Chapter 7 Stab Test Blade Identification 
 
 
 
7.1 Introduction 
Documented research has suggested that short, slender blades, such as off-the-shelf Stanley 1992 
trimming blades, demonstrate levels of stab penetration greater than longer, thicker blades, such 
as the HOSDB P1/B standardised blade – a blade defined for use when stab testing body armour 
to UK standards [9]. 
 
This chapter therefore assesses the performance of both the Stanley 1992 trimming blade and 
HOSDB P1/B standardised blade when tested against HOSDB KR1 certified stab resistant body 
armour samples. 
 
The activities documented within this experiment are shown within Figure 7.1. 
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Figure 7.1: Blade Identification Chapter Structure  
 
7.2 Objectives 
The primary objective of this experiment was to assess the stab performance of HOSDB P1/B 
OEM blades against more readily available Stanley 1992 utility trimming blades, via the stab 
testing of HOSDB KR1 certified body armour specimens.  The results of which were used to 
determine a single blade type for use in all further stab drop tests.   
 
7.3 Experimental Methodology 
7.3.1 Stab Test Methodology 
The stab test methodology and operational procedure defined within Chapter 6 was used within 
this experiment.    
 
7.3.2 Test Blade 
The penetrative performances of two blade types were compared within this experiment: 
1. HOSDB P1/B OEM engineered blade - long and thick. 
2. Stanley Tools 1992 Trimming blade - short and slender. 
 
As documented within section 2.7.1, the HOSDB stab resistant body armour standard calls for the 
use of the standardised HOSDB P1/B blades which were manufactured and supplied by ‘High 
Speed and Carbide Ltd.’ – an approved HOSDB blade supplier [9]. An example of the P1/B blade is 
shown within Figure 7.2. 
 
Blades
7.2 Objectives
7.4 Experimental 
Design
7.1 Introduction
Methodology
7.3 Experimental 
Methodology
7.7 Implications for 
Further Work
7.6 Conclusions
7.5 Results
Samples
Literature Review
Chapter 7 Stab Test Blade Identification 
112 
 
Figure 7.2: HOSDB P1/B Blade 
 
The P1/B blades measured 2.00 mm (+/- 0.05 mm) thick, and featured a double sided cutting 
edge with an angle to each other of 60° [9].  Each blade had a measured mass of 18.15 grams, and 
was manufactured from BO1 grade ground flat stock BS4659 steel – a non-shrinking, oil hardened 
tool steel, and were hardened and tempered to 52-55 Rockwell C [9].  The cost of each P1/B blade 
to purchase from ‘High Speed and Carbide Ltd.' was £17.95. 
 
Technical drawings for the HOSDB P1/B blades are located within Appendix A: HOSDB P1/B Blade 
Specification.  Figure 7.3 illustrates how the P1/B blade attached to the drop tower chuck. 
 
 
Figure 7.3: HOSDB P1/B Blade Assembly 
 
P1/B blades were fastened within the chuck insert via grub screw, thus allowing both the blade 
and insert to be securely held within the drop tower chuck. 
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The second blade used within this experiment was the Stanley Tools 1992 Trimming blade - as 
shown in Figure 7.4. 
 
 
Figure 7.4: Stanley Tools 1992 Trimming Blade 
 
Each Stanley blade had a mass of 3.80 grams, measured 62.00 mm in length, 19.00 mm high, was 
0.65 mm thick, and also featured a double sided cutting edge with an angle to each other of 
approximately 25° [234].   
 
The Stanley 1992 trimming blade was chosen for use due to a number of factors: 
 The literature previously documented within Chapter 2 suggested that short, thin blades 
could potentially be more potent in their stab performance. 
 Financial implications associated with requiring a new test blade for each stab test - 
where 100 Stanley blades typically cost in the region of £19.99, approximately £0.20 per 
blade [235]. 
 Under the recommendation of CATRA to explore the stab potency of one of the most 
common utility blades currently available. 
 
A summary of both the HOSDB P1/B and Stanley 1992 trimming blades is outlined within Table 
7-1. 
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Table 7-1: HOSDB P1/B and Stanley 1992 Trimming Blade Summary 
 HOSDB P1/B 1992 Trimming Blade 
Length (mm) 100.00 62.00 
Height (mm) 15.00 19.00 
Thickness (mm) 2.00 0.65 
Mass (g) 18.15 3.80 
Angle between 
cutting edges (°) 
60 25 
Material BO1 grade ground flat stock BS4659 Polished steel (grade unknown) 
Manufacturer High Speed and Carbide Ltd Stanley Black & Decker UK Ltd 
 
An assembly of the drop tower chuck featuring the Stanley 1992 trimming blade is shown within 
Figure 7.5. 
 
 
Figure 7.5: Stanley 1992 Trimming Blade Assembly 
 
The Stanley trimming blade was positioned using a jig and secured within the chuck insert – 
allowing both P1/B and Stanley blades to feature a 15° angle between the cutting edge and 
central axis.    The orientation of both blades is shown within Figure 7.6.  
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Figure 7.6: HOSDB P1/B and Stanley 1992 Trimming Blade cutting edge angle comparison 
 
This process was performed to ensure that the double sided cutting edges of both blades 
contacted the strike surface of the test specimens at the same angle to provide a more direct 
comparison between blade types. 
 
7.3.3 Body Armour Test Specimens  
Test specimens were taken from a rigid PC stab resistant breastplate certified to provide 
protection to the UK HOSDB KR1 standard.  The PC breastplate is shown within Figure 7.7. 
 
   
Figure 7.7: KR1 Polycarbonate Body Armour Breastplate (courtesy of PPSS Group) 
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The armour was manufactured by Defence Composites Ltd., and was kindly supplied by Robert 
Kaiser of the PPSS Group – specialists in high performance body armour and PPE [114].  
 
A series of 12 specimens were extracted from the armoured breast plate, each measuring 60 x 60 
mm in length and width.  The dimensions of these specimens were previously proposed within 
section 3.7. 
 
The locations in which the test specimens were extracted from the breastplate are identified 
within Figure 7.8. 
 
 
Figure 7.8: Experiment One body armour test specimen locations 
 
Specimens were randomly selected to minimise any stab performance effects as a result of their 
location within the body armour breastplate.  Test specimens designated 'A' were used when 
testing the Stanley blades; while ‘B’ designated specimens were used during testing of the HOSDB 
P1/B blades.  Test specimens are shown within Figure 7.9. 
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Figure 7.9: KR1 body armour test specimens 
 
Each test specimen measured 11.40 mm thick, and comprised of a 5.00 mm thick layer of 
moulded polycarbonate and a 6.00 mm thick foam backing layer, sandwiched between two 0.20 
mm thick layers of fabric [114].   
 
7.4 Experimental Design 
The stab test methodology and operational procedure previously defined within section 7.3 was 
used within this experiment.  
 
In total 12 tests were performed, with six tests each using both Stanley and HOSDB P1/B blades.  
The order of testing is outlined within Table 7-2. 
 
  
Polycarbonate
5.00 mm
Foam
6.00 mm
Fabric Layers
0.20 mm
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Table 7-2: Experimental Order of Testing 
Test Number Blade Type Sample Identifier Backing Tray 
1 Stanley 1992 A1 1 
2 Stanley 1992 A2 2 
3 HOSDB P1/B B1 3 
4 HOSDB P1/B B2 1 
5 Stanley 1992 A3 2 
6 HOSDB P1/B B3 3 
7 Stanley 1992 A4 1 
8 Stanley 1992 A5 2 
9 HOSDB P1/B B4 3 
10 HOSDB P1/B B5 1 
11 Stanley 1992 A6 2 
12 HOSDB P1/B B6 3 
 
To reduce the likelihood of variance within the stab penetration results obtained, the order in 
which the tests were performed was randomised.  Additionally, a virgin blade was used for each 
test, and the backing trays were replaced between each experiment to maintain the thermal 
conditioning of the backing material. 
 
7.5 Results 
Blade penetration through the underside of all six body armour test samples using the HOSDB 
P1/B blades failed to provide stab resistance below the 7.00 mm permissible HOSDB limit, as 
documented within Table 7-3.    
Table 7-3: HOSDB P1/B Results 
Sample 
Mass 
(g) 
Impact Velocity 
(m/s) 
Impact 
Energy (J) 
Penetration – Witness 
Paper (mm) 
Penetration – 
Calliper (mm) 
1 22.74 2.71 23.75 9.04 8.99 
2 21.89 2.71 23.76 8.00 8.01 
3 21.58 2.70 23.67 9.13 8.92 
4 21.86 2.70 23.69 9.54 9.19 
5 22.46 2.71 23.72 8.89 8.75 
6 22.33 2.71 23.75 11.31 11.50 
Std. Deviation 0.00516 0.036697 1.100026 1.18549 
Mean 2.71 23.72 9.32 9.23 
 
P1/B blade penetration depths were established by comparing the length of cut in the Polyart® 
witness paper to their respective figure - as previously documented within section 6.5.  The 
‘Conversion Chart for P1/B Knife Penetration Depths from Witness Paper Cut Length’ documented 
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within the HOSDB Knife and Spike Resistance Standard and Appendix D: Conversion Chart for 
P1/B Knife Penetration Depths  were used [9].  Direct calliper measurements of blade penetration 
through the underside of each test specimen were also recorded and documented within Table 
7-3. The highest calliper recorded blade penetration depth was 11.50 mm.  An example of blade 
penetration using the P1/B blade is shown within Figure 7.11. 
 
   
Figure 7.10: Test specimen two using the HOSDB P1/B blade 
 
Upon visual inspection, the foam underlay of each specimen compressed before the HOSDB P1/B 
blades punctured the polycarbonate layer - potentially causing the blade to be trapped and 
unable to penetrate further. 
 
In contrast, the results from stab testing the KR1 certified body armour test samples using the 
Stanley 1992 trimming blade are shown in Table 7-4. 
 
Table 7-4: Stanley 1992 Trimming Blade Test Results 
Sample 
Mass 
(g) 
Impact Velocity 
(m/s) 
Impact 
Energy (J) 
Penetration – Witness 
Paper (mm) 
Penetration - 
Calliper (mm) 
1 22.11 2.71 23.71 N/A 30.00 
2 21.67 2.71 23.70 N/A 30.00 
3 22.90 2.71 23.72 N/A 30.00 
4 21.82 2.70 23.59 N/A 30.00 
5 22.10 2.71 23.72 N/A 30.00 
6 22.03 2.71 23.73 N/A 30.00 
Std. Deviation 0.004082 0.05244 N/A 0.00 
Mean 2.71 23.70 N/A 30.00 
 
Chapter 7 Stab Test Blade Identification 
120 
In all six tests using the Stanley blade, a maximum blade penetration of 30.00 mm was recorded.  
The level of blade penetration using the Stanley 1992 trimming blade is shown within Figure 7.11. 
 
   
Figure 7.11: Test specimen one using the Stanley 1992 trimming blade 
 
Results from the Stanley blade stab tests also demonstrated that the PC layer within each of the 
test specimens fractured - potentially allowing the blade to further penetrate the underside of 
the test specimens.  A maximum 30.00 mm blade penetration was assigned to each Stanley blade 
test as the maximum distance of travel for the drop vehicle within the tower apparatus was 
experienced.   In addition, measurements of the witness paper were unable to be gathered due to 
the blade creating a cut greater than the length of the blade.  
 
Impact velocity and stab energy data was automatically gathered by the Instron drop tower data 
acquisition system – with results previously documented within Table 7-3 and Table 7-4.  Upon 
review of the data, a mean velocity of 2.71 m/s and stab impact energy ranging between 23.59 – 
23.76 J were recorded with a low standard deviation.  These figures were within the HOSDB 
acceptable limits as described within section 6.2. 
 
7.6 Conclusions 
Results from this experiment firstly demonstrated that the Instron 9250HV drop tower and 
Impulse data acquisition system facilitated successful and repeatable experimental testing.  The 
methodology used within this experiment enabled stab impact tests to be performed to the 
HOSDB KR1-E1 impact energy of 24 +/-0.5 J, and demonstrated consistent impact velocities.  The 
low standard deviation results from both blade testing groups emphasised the ability of the test 
apparatus and operational procedure to ensure the repeatability of test conditions. 
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The HOSDB P1/B standardised blades provided a consistent level of blade penetration – albeit 
above the HOSDB 7.00 mm maximum limit.  In comparison, the Stanley 1992 trimming blades 
demonstrated a significantly greater degree of stab potency – with a number of test specimens 
shattering, and all recording the maximum blade penetration of 30.00 mm.  These results 
therefore support the notion highlighted within section 2.2 where short slender blades are more 
severe than longer thicker blades when used in a stab event. 
 
Test results also demonstrated a difficulty in establishing the depth of blade penetration via use 
of the witness paper when stab testing using the Stanley blades.  For example, due to the 
orientation in which the blades were set up to achieve an impact angle between their cutting 
edges and test samples similar to that when using the HOSDB P1/B blades, the non-cutting edge 
of the Stanley blade may have given rise to an increased cut length, therefore measurement via 
the Polyart® witness paper was not possible. 
 
 The standard deviation between test results when measuring P1/B blade penetration via use of 
witness paper was lower in comparison to directly measuring blade penetration using digital 
callipers.  However, upon further inspection of the results documented within Table 7-3, mean 
penetration was lower when directly measuring P1/B blade penetration.  This outcome, coupled 
with the result that the Stanley 1992 trimming blades demonstrated greater potency in their stab 
performance and were unsuitable for use with the Polyart® witness paper.  The method of 
directly measuring stab penetration using digital callipers was chosen as the primary 
measurement method for future stab tests. 
 
7.7 Implications for further work 
Published research suggested that short, slender blades were more potent in their stab 
performance in comparison to longer, thicker blades [35], [36].  This was supported by the results 
gathered from this experiment when comparing the stab performance of Stanley 1992 trimming 
blades and HOSDB P1/B engineered blades tested using current HOSDB KR1 approved body 
armour. 
 
The cost of each blade should also be recognised.  The P1/B blades used within this experiment 
cost in excess of £17.00 each, while the Stanley 1992 trimming blades cost approximately £0.20 
each - less than 2% of the HOSDB recommended blade.  A compromise between the cost of 
further experimentation and the number of tests possible is apparent - as a virgin blade is 
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required for each test.  Use of the Stanley 1992 trimming blade would therefore enable a more 
thorough level of experimentation to be performed.  As such, this experiment has therefore 
established that all future stab testing will feature use of the Stanley 1992 trimming blade; 
therefore any blade penetration will be directly measured using digital callipers (method two).  By 
choosing to exclusively use the Stanley blade, there is a desire to achieve the HOSDB KR1-E1 level 
of protection while using a blade which has demonstrated significantly greater stab potency.  
Selection of the Stanley 1992 trimming blades for future stab testing represents a more likely 
real-world threat in comparison to the standardised and engineered HOSDB approved blade. Such 
blades are also more easily accessible to purchase from various home improvement and 
supermarket stores on the UK high street, and therefore may pose a greater real-world threat.  
 
A summary of stab test requirements defined by this experiment are documented within Table 
7-5. 
Table 7-5: Summary of key stab test requirements 
Factor Requirement 
Blade Type Stanley 1992 Trimming Blade 
Stab Test Impact Energy 24 J 
Drop Mass 6.5 kg 
Drop Height 0.376 m 
Blade penetration measurement Digital calliper 
 
The next step of this research was therefore to incorporate the requirements outlined within this 
study and Table 7-5 to initially assess the stab resistant performance of LS test specimens. 
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Chapter 8 Establishing Single Layer Stab Resistance 
 
 
 
8.1 Introduction 
A suitable experimental test methodology that included the use of the Stanley 1992 trimming 
blade was established within the previous experiment.  This experiment therefore focussed on 
using the previously defined methodology to assess the stab-resistant performance of a series of 
single thickness polymer LS test specimens.  
 
 An overview of the activities performed within this experiment is detailed within Figure 8.1. 
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Figure 8.1: Single Layer Stab Resistance Chapter Schematic 
 
8.2 Objectives 
The primary objective of this experiment was to compare the stab resistant performance of single 
thickness LS test specimens manufactured from two common polymer materials using both virgin 
and a commonly refreshed mixture. 
 
8.3 Experimental Methodology 
8.3.1 Test Sample Geometry 
The main body of each specimen measured 60 x 60 mm in length and width, and ranged in 
thickness from 1.00 to 15.00 mm.  Three specimens were manufactured per thickness, with each 
featuring an identification tab.  In total 45 test specimens were manufactured per material group, 
with 180 tested across this experiment overall. 
 
8.3.2 Test Sample Materials 
Two PA based materials purchased from 3D Systems™ were used for the manufacture of test 
specimens:  
 Duraform® 
 Duraform EX®  
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Specimens were manufactured from both 100% virgin, and a mix (50/50) of virgin and recycled 
powder using both Duraform® and Duraform EX® materials.  In total four builds were performed 
using an EOS P100 Formiga LS machine: 
 Group one: Virgin Duraform® powder. 
 Group two: 50/50 Duraform® powder. 
 Group three: Virgin Duraform EX® powder. 
 Group four: 50/50 Duraform EX® powder. 
 
8.3.3 Test Specimen Manufacture 
All test specimens were manufactured by the Additive Manufacturing Research Group (AMRG) at 
Loughborough University.  The EOS P100 Formiga LS machine is shown within Figure 8.2. 
 
 
Figure 8.2: EOS P100 Formiga Laser Sintering machine (A), Empty build chamber (B), LS build bed 
applied (C) & Powder tumbler (D) 
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8.3.4 Build Parameters 
Previously established processing parameters for each of the four material groups were used – 
these were set up specifically for the LS machine used and are described within Table 8-1. 
 
Table 8-1: Laser Sintering processing parameters 
Parameter Duraform® Duraform EX® 
Layer thickness 0.1 mm 0.1 mm 
Part bed temperature 172.5°C 178.5°C 
Laser Power 18 W 22 W 
Scan Speed 1,500 mm/s 3,000 mm/s 
Warm-up time 150 minutes 300 minutes 
 
Table 8-1 highlights that a number of parameters, most notably part bed temperature and warm-
up time were greater when using Duraform EX® powder.    As stated within section 4.4, the 
material processing window for PA 11 powder is much smaller than that of PA 12 and was 
therefore more susceptible to changes in temperature [196].  Therefore by increasing the 
temperature and pre-heating the machine and powder for a longer period, previous literature 
demonstrated that PA 11 sintered parts were less prone to failure during the build process [196]. 
 
8.3.5 Build Location 
To reduce any potential performance effects as a result of part positioning within the build 
volume, the placement of each specimen was randomised across six positions - as shown in 
Figure 8.3. 
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Figure 8.3: Experiment Two build layout  
 
As shown in Figure 8.3, test specimens were centrally located on the 200 x 250 mm build platform 
of the EOS P100 Formiga LS machine.  A powder base layer of 3.00 mm was applied to the build 
platform during preparation, and a further 2.00 mm of powder was applied during the warm up 
phase.  A 5.00 mm spacing between each sample in X and Y-directions was maintained, while a 
3.00 mm spacing between specimens in the Z-direction was established.  To complete the build 
and to assist with controlled cooling, a 5.00 mm thick layer of powder was applied on top of the 
completed sintered parts – establishing a total build height of 99 mm. 
 
8.3.6 Laser Sintering Build Operational Procedure 
The procedure documented within Table 8-2 was used to prepare CAD build files and the LS 
machine.  Steps taken to initiate the LS build and to post-process specimens are also documented. 
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Table 8-2: Laser Sintering Build Operational Procedure 
Step Operation 
1 
CAD data generated and saved as a .STL file 
 STL data fixed and prepared using ‘Materialise Magics’ software 
2 
Converting STL data to an SLI file 
 The STL file  was transferred to the EOS P100 LS machine 
 STL data was converted to a 0.1 mechanical SLI file 
3 
Preparing build files 
 EOS PSW software opened and build parts loaded 
 Interference between parts was checked, with components positioned 
accordingly to remove clashes 
 The processing parameters as outlined within Table 8-1 were input 
 The build file was saved and the task was exported to the LS machine 
5 
Powder preparation: 
 When using 100% virgin powder 6 kg was used 
 With a 50/50 powder mix -  3 kg virgin and 3 kg recycled powder was used 
 All powder was sieved into a powder drum, and tumbled for five minutes to 
homogenise mixtures – as demonstrated within image D of Figure 8.2. 
4 
Laser Sintering machine preparation: 
 The mains power supply to the LS machine was turned on 
 The build chamber, platform, hoppers, heaters and blade were all thoroughly 
cleaned to ensure any existing powder was removed to reduce the likelihood of 
part contamination.  A cleaned build chamber was shown in image B within Figure 
8.2 
 Checks were performed to ensure the air supply and heaters were attached 
 The prepared powder drums were attached 
 All safety stop buttons were released before initiating the blue ‘Operation’ button 
on the front of the LS machine 
 The build platform was raised, and foundation powder layers were laid.  
 A final machine parameter check was performed - ensuring build temperature 
and warm up phase settings were as required 
 The machine ‘Warm Up’ phase was initiated 
5 
Build operation 
 Once the warm up phase was completed, the laser key was turned to the ‘On’ 
position 
 The build job was highlighted and ‘Play’ was selected to initiate build 
commencement 
6 
Once the build was completed, the laser was switched off and the build volume was 
allowed to cool for the same time taken for build and warm up phases combined 
7 
The build chamber was removed from LS machine and parts taken for breakout 
 Parts were loosely broken out from the build volume 
 Excess powder was removed via shot peening 
 The top surface and immediate powder around the sides of the build volume 
were discarded 
 Remaining powder from virgin builds was recycled for use within the 50/50 build 
powder applications 
8 
Once cleaned of excess powder, all LS specimens were visually inspected for quality 
assurance and their masses measured and recorded. 
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8.3.7 Stab Testing Experimental Design 
All stab tests used virgin Stanley 1992 trimming blades.  In total 180 specimens were tested 
across four material groups – with 45 tests per group.  An example of the order of testing used 
during the drop testing of the virgin Duraform® powder specimens is shown in Table 8-3. 
 
Table 8-3: Virgin Duraform® samples order of testing 
Test Specimen ID Backing Tray 
1 2.00/3 1 
2 14.00/2 2 
3 12.00/1 3 
4 4.00/1 1 
5 5.00/1 2 
6 15.00/3 3 
7 8.00/1 1 
8 12.00/2 2 
9 10.00/1 3 
10 11.00/3 1 
11 11.00/1 2 
12 5.00/2 3 
13 1.00/3 1 
14 13.00/2 2 
15 8.00/2 3 
16 15.00/2 1 
17 11.00/2 2 
18 5.00/3 3 
19 13.00/1 1 
20 8.00/3 2 
21 3.00/3 3 
22 4.00/3 1 
23 10.00/2 2 
 
Test Specimen ID Backing Tray 
24 14.00/1 3 
25 15.00/1 1 
26 4.00/2 2 
27 6.00/3 3 
28 1.00/1 1 
29 9.00/2 2 
30 7.00/1 3 
31 7.00/3 1 
32 10.00/3 2 
33 12.00/3 3 
34 6.00/1 1 
35 1.00/2 2 
36 2.00/2 3 
37 2.00/1 1 
38 3.00/1 2 
39 9.00/3 3 
40 6.00/2 1 
41 9.00/1 2 
42 3.00/2 3 
43 13.00/3 1 
44 7.00/2 2 
45 14.00/3 3 
 
 
The order in which samples were tested was randomised to minimise the effects of any 
uncontrollable variables.  Backing material trays were used for one test before being rotated – 
with the backing material being reformed between each test to ensure trays maintained thermal 
conditioning.  The order of testing for the remaining three materials groups tested within this 
experiment can be found within Appendix E: Single Layer Stab Resistance Order of Testing. 
 
8.3.8 Stab Test Methodology  
The stab test experimental methodology and operational procedure established within Chapter 6 
was used within this experiment. 
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All tests performed within this experiment featured use of the Stanley 1992 trimming blades; with 
blade penetration directly measured using digital callipers – as established within Chapter 7. 
 
8.4 Results 
Results from this experiment are presented in the following sub-sections by material category.   
 
8.4.1 Duraform® - Virgin 
Upon review of Table 8-4 test specimens manufactured using virgin Duraform® powder in 
thicknesses ranging from 1.00 to 15.00 mm proved ineffective at providing stab protection 
against the Stanley 1992 trimming blade threat to the UK HOSDB KR1-E1 impact energy of 24 
Joules. 
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Table 8-4: Duraform® Virgin Test Specimen Results 
No. Specimen ID Failure Mode Blade Failure  Penetration Depth (mm) Result 
1 01.00/1 Punctured No 30.00 Fail 
2 01.00/2 Punctured No 30.00 Fail 
3 01.00/3 Punctured No 30.00 Fail 
4 02.00/1 Shattered No 30.00 Fail 
5 02.00/2 Fractured No 30.00 Fail 
6 02.00/3 Fractured No 30.00 Fail 
7 03.00/1 Shattered No 30.00 Fail 
8 03.00/2 Shattered No 30.00 Fail 
9 03.00/3 Shattered No 30.00 Fail 
10 04.00/1 Shattered No 30.00 Fail 
11 04.00/2 Shattered No 30.00 Fail 
12 04.00/3 Fractured No 30.00 Fail 
13 05.00/1 Shattered No 30.00 Fail 
14 05.00/2 Shattered No 30.00 Fail 
15 05.00/3 Shattered No 30.00 Fail 
16 06.00/1 Shattered No 30.00 Fail 
17 06.00/2 Shattered No 30.00 Fail 
18 06.00/3 Shattered No 30.00 Fail 
19 07.00/1 Shattered No 30.00 Fail 
20 07.00/2 Shattered No 30.00 Fail 
21 07.00/3 Shattered No 30.00 Fail 
22 08.00/1 Shattered No 30.00 Fail 
23 08.00/2 Shattered No 30.00 Fail 
24 08.00/3 No failure Yes 0.00 Pass 
25 09.00/1 Shattered No 30.00 Fail 
26 09.00/2 Shattered No 30.00 Fail 
27 09.00/3 Shattered No 30.00 Fail 
28 10.00/1 Shattered Yes 2.36 Pass 
29 10.00/2 Shattered No 30.00 Fail 
30 10.00/3 Shattered No 30.00 Fail 
31 11.00/1 No Failure Yes 0.00 Pass 
32 11.00/2 Shattered Yes 30.00 Fail 
33 11.00/3 Fractured Yes 5.53 Pass 
34 12.00/1 Shattered Yes 30.00 Fail 
35 12.00/2 Shattered Yes 30.00 Fail 
36 12.00/3 Shattered Yes 0.00 Pass 
37 13.00/1 Shattered Yes 1.89 Pass 
38 13.00/2 Shattered No 30.00 Fail 
39 13.00/3 Shattered No 30.00 Fail 
40 14.00/1 No failure Yes 0.00 Pass 
41 14.00/2 Shattered Yes 30.00 Fail 
42 14.00/3 Shattered Yes 30.00 Fail 
43 15.00/1 No failure Yes 0.00 Pass 
44 15.00/2 Shattered No 30.00 Fail 
45 15.00/3 Fractured No 30.00 Fail 
Mean Impact Energy (J) = 23.70 
Mean Impact Velocity (m/s) = 2.70 
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37 of the 45 samples manufactured across all thicknesses within the virgin Duraform® material 
group demonstrated the maximum 30 mm of blade penetration through the underside of the 
specimens.  In 92% of these cases the test samples fractured or shattered, as shown within Figure 
8.4. 
 
   
Figure 8.4: Virgin Duraform® 2.00/3 test specimen 
 
The eight positive results were found in planar specimens ranging in thickness from 8.00 to 15.00 
mm, with no single thickness group demonstrating a consistent level of blade penetration 
resistance across all three test specimens. Of the positive results, only four demonstrated stab 
penetration resistance where the test sample did not fracture or shatter, while the remaining 
four specimens shattered – as demonstrated in Figure 8.5. 
 
   
Figure 8.5: Virgin Duraform® 8.00/3 specimen (left) and 10.00/1 test specimen (right) 
 
When stab testing the 8.00/3 test specimen, the blade shattered before penetrating the 
underside of the test sample.  However, the result from testing the 10.00/1 specimen showed 
that the test blade caused a significant level of damage to the sample - enough to cause it to 
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fracture before the blade failed.  Such blade failure occurred in all eight of the positive results 
documented.  This failure was a likely result of the need to transfer kinetic energy away from the 
drop vehicle once impacted with the test sample – therefore shattering the test blade offered the 
path of least resistance. 
 
In summary, the stab resistive performance of test specimens manufactured from the virgin 
Duraform® material group was poor and offered no consistent stab resistant thickness. 
 
8.4.2 Duraform® - 50/50 
The results from the stab testing of specimens manufactured from a 50/50 mix of virgin and 
recycled Duraform® are shown in Table 8-5. 
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Table 8-5: 50/50 mix Duraform® Test Specimen Results 
No. Specimen ID Failure Mode Blade Failure  Penetration Depth (mm) Result 
1 01.00/1 Punctured No 30.00 Fail 
2 01.00/2 Punctured No 30.00 Fail 
3 01.00/3 Punctured No 30.00 Fail 
4 02.00/1 Fractured No 30.00 Fail 
5 02.00/2 Shattered No 30.00 Fail 
6 02.00/3 Fractured No 30.00 Fail 
7 03.00/1 Fractured No 30.00 Fail 
8 03.00/2 Shattered No 30.00 Fail 
9 03.00/3 Fractured No 29.97 Fail 
10 04.00/1 Shattered No 30.00 Fail 
11 04.00/2 Shattered No 30.00 Fail 
12 04.00/3 Shattered No 30.00 Fail 
13 05.00/1 Fractured No 30.00 Fail 
14 05.00/2 Shattered No 30.00 Fail 
15 05.00/3 Shattered No 30.00 Fail 
16 06.00/1 Shattered No 30.00 Fail 
17 06.00/2 Shattered No 30.00 Fail 
18 06.00/3 Shattered No 30.00 Fail 
19 07.00/1 Shattered No 30.00 Fail 
20 07.00/2 Shattered No 30.00 Fail 
21 07.00/3 Shattered No 30.00 Fail 
22 08.00/1 Fractured No 29.55 Fail 
23 08.00/2 Shattered No 30.00 Fail 
24 08.00/3 Shattered No 30.00 Fail 
25 09.00/1 Shattered No 30.00 Fail 
26 09.00/2 Shattered No 30.00 Fail 
27 09.00/3 Shattered No 30.00 Fail 
28 10.00/1 Shattered No 30.00 Fail 
29 10.00/2 Shattered No 30.00 Fail 
30 10.00/3 Shattered No 30.00 Fail 
31 11.00/1 Shattered Yes 0.00 Pass 
32 11.00/2 No failure Yes 0.00 Pass 
33 11.00/3 Shattered Yes 0.00 Pass 
34 12.00/1 Shattered No 5.98 Pass 
35 12.00/2 Shattered No 30.00 Fail 
36 12.00/3 Shattered Yes 2.20 Pass 
37 13.00/1 Shattered Yes 0.00 Pass 
38 13.00/2 Shattered Yes 14.16 Fail 
39 13.00/3 No failure Yes 0.00 Pass 
40 14.00/1 No failure Yes 0.00 Pass 
41 14.00/2 No failure Yes 0.00 Pass 
42 14.00/3 Shattered Yes 11.71 Fail 
43 15.00/1 No failure Yes 0.00 Pass 
44 15.00/2 No failure Yes 0.00 Pass 
45 15.00/3 No failure Yes 0.00 Pass 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
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Test specimens ranging in thickness from 1-10 mm demonstrated inadequate stab resistance – 
with all specimens shattering or fracturing, to allow full blade penetration.  The 11.00 mm thick 
test specimen group was the first to demonstrate a consistent level of stab protection, with no 
blade penetration registered across all three samples.  This is shown in Figure 8.6. 
 
 
Figure 8.6: 11.00 mm thick test specimens manufactured from 50/50 mix Duraform® 
 
Two of the three positive results within this thickness group not only demonstrated test blade 
failure, but also featured the shattering of the test specimen.  The first thickness group to 
demonstrate a consistent and positive level of blade penetration resistance without specimen 
failure was that of the 15.00 mm group, as shown in Figure 8.7.  
 
Sample One Sample Two Sample Three
Duraform® 50/50 – 11.00 mm Thick
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Figure 8.7: 15.00 mm thick test specimens manufactured from 50/50 mix Duraform® 
 
All three 15.00 mm thick specimens shown within Figure 8.7 registered zero blade penetration – 
successfully demonstrating stab resistance.  Instead, the Stanley 1992 trimming blades shattered 
– as indicated within Figure 8.7. 
 
To have greater confidence in the result established using the Duraform® 50/50 material group, 
the testing of specimens at 16.00 mm thick and beyond would be required to ensure no further 
failure at a greater single thickness occurs. 
 
8.4.3 Duraform EX® - Virgin 
When manufactured from virgin Duraform EX® powder all specimens in thicknesses below 11.00 
mm failed to demonstrate penetration resistance within the 7.0 mm HOSDB limit.  Six of the 15 
specimens between 11-15 mm thick provided appropriate levels of penetration resistance, 
however, no single thickness group demonstrated a consistent level of stab protection across all 
three test specimens.  A summary of results are documented within Table 8-6. 
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Table 8-6: Duraform EX® Virgin Test Specimen Results 
No. Specimen ID Failure Mode Blade Failure Penetration Depth (mm) Result 
1 01.00/1 Punctured No 30.00 Fail 
2 01.00/2 Punctured No 27.84 Fail 
3 01.00/3 Punctured No 29.82 Fail 
4 02.00/1 Fractured No 29.91 Fail 
5 02.00/2 Punctured No 28.93 Fail 
6 02.00/3 Fractured No 28.04 Fail 
7 03.00/1 Fractured No 30.00 Fail 
8 03.00/2 Fractured No 28.21 Fail 
9 03.00/3 Shattered No 30.00 Fail 
10 04.00/1 Shattered No 30.00 Fail 
11 04.00/2 Fractured No 30.00 Fail 
12 04.00/3 Fractured No 30.00 Fail 
13 05.00/1 Fractured No 30.00 Fail 
14 05.00/2 Shattered No 30.00 Fail 
15 05.00/3 Shattered No 30.00 Fail 
16 06.00/1 Shattered No 30.00 Fail 
17 06.00/2 Shattered No 30.00 Fail 
18 06.00/3 Fractured No 30.00 Fail 
19 07.00/1 Shattered No 30.00 Fail 
20 07.00/2 Shattered No 30.00 Fail 
21 07.00/3 Shattered No 30.00 Fail 
22 08.00/1 Shattered No 30.00 Fail 
23 08.00/2 Shattered No 30.00 Fail 
24 08.00/3 Shattered No 30.00 Fail 
25 09.00/1 Shattered No 30.00 Fail 
26 09.00/2 Shattered No 30.00 Fail 
27 09.00/3 Shattered No 30.00 Fail 
28 10.00/1 Fractured No 30.00 Fail 
29 10.00/2 Shattered No 30.00 Fail 
30 10.00/3 Shattered No 30.00 Fail 
31 11.00/1 Shattered Yes 30.00 Fail 
32 11.00/2 No failure Yes 0.00 Pass 
33 11.00/3 Fractured No 30.00 Fail 
34 12.00/1 Fractured Yes 30.00 Fail 
35 12.00/2 Shattered Yes 30.00 Fail 
36 12.00/3 Fractured Yes 5.83 Pass 
37 13.00/1 Shattered No 30.00 Fail 
38 13.00/2 Shattered Yes 0.00 Pass 
39 13.00/3 No failure Yes 0.00 Pass 
40 14.00/1 Fractured No 30.00 Fail 
41 14.00/2 Shattered Yes 14.30 Fail 
42 14.00/3 Shattered No 30.00 Fail 
43 15.00/1 Shattered No 30.00 Fail 
44 15.00/2 Shattered No 3.55 Pass 
45 15.00/3 Fractured Yes 0.00 Pass 
Mean Impact Energy (J) = 23.65 
Mean Impact Velocity (m/s) = 2.70 
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When compared against the results previously obtained from testing Duraform® samples, the 
results shown in Table 8-6 document that specimens ranging in thickness from 1-3 mm prevented 
full penetration of the blade to be reached – suggesting they demonstrate some resistance.  This 
is illustrated within Figure 8.8. 
 
 
Figure 8.8: Failure mode comparison between 3.00 mm thick virgin Duraform EX® (left) and virgin 
Duraform® (Right) specimens 
 
Instead of shattering like the previously tested virgin Duraform® samples, the 3.00 mm thick 
virgin Duraform EX® test specimen appeared to have absorbed a degree of the stab impact 
energy – causing the specimen to deform on its underside and begin to fracture.  This resistive 
behaviour however did not extend beyond the 3.00 mm thick specimens – with those above 
failing via a shattering mode. 
 
8.4.4 Duraform EX® - 50/50 
The final material group to be tested was that of specimens manufactured from a 50/50 
consistency virgin and recycled Duraform EX®.  The results from the stab testing of these 
specimens are outlined within Table 8-7. 
 
  
Virgin Duraform EX® - 3.00/2 Virgin Duraform® - 3.00/3
Chapter 8 Establishing Single Layer Stab Resistance 
139 
Table 8-7: 50/50 Duraform EX® Test Specimen Results 
No. Specimen ID Failure Mode Blade Failure Penetration Depth (mm) Result 
1 01.00/1 Punctured No 30.00 Fail 
2 01.00/2 Punctured No 30.00 Fail 
3 01.00/3 Punctured No 30.00 Fail 
4 02.00/1 Punctured No 28.67 Fail 
5 02.00/2 Punctured No 29.74 Fail 
6 02.00/3 Punctured No 30.00 Fail 
7 03.00/1 Fractured No 29.54 Fail 
8 03.00/2 Fractured No 30.00 Fail 
9 03.00/3 Fractured No 30.00 Fail 
10 04.00/1 Fractured No 30.00 Fail 
11 04.00/2 Punctured No 30.00 Fail 
12 04.00/3 Fractured No 30.00 Fail 
13 05.00/1 Shattered No 30.00 Fail 
14 05.00/2 Shattered No 30.00 Fail 
15 05.00/3 Fractured No 28.08 Fail 
16 06.00/1 Fractured No 30.00 Fail 
17 06.00/2 Fractured No 30.00 Fail 
18 06.00/3 Fractured No 30.00 Fail 
19 07.00/1 Shattered No 30.00 Fail 
20 07.00/2 Fractured No 30.00 Fail 
21 07.00/3 Fractured No 30.00 Fail 
22 08.00/1 Fractured No 29.00 Fail 
23 08.00/2 Shattered No 30.00 Fail 
24 08.00/3 Shattered No 30.00 Fail 
25 09.00/1 Fractured No 28.65 Fail 
26 09.00/2 No failure Yes 0.00 Pass 
27 09.00/3 Shattered No 30.00 Fail 
28 10.00/1 No failure Yes 0.00 Pass 
29 10.00/2 Fractured No 24.38 Fail 
30 10.00/3 No failure Yes 0.00 Pass 
31 11.00/1 No failure Yes 0.00 Pass 
32 11.00/2 No failure Yes 0.00 Pass 
33 11.00/3 No failure Yes 0.00 Pass 
34 12.00/1 No failure Yes 0.00 Pass 
35 12.00/2 No failure Yes 0.00 Pass 
36 12.00/3 No failure Yes 0.00 Pass 
37 13.00/1 No failure Yes 0.00 Pass 
38 13.00/2 No failure Yes 0.00 Pass 
39 13.00/3 No failure Yes 0.00 Pass 
40 14.00/1 No failure Yes 0.00 Pass 
41 14.00/2 No failure Yes 0.00 Pass 
42 14.00/3 No failure Yes 0.00 Pass 
43 15.00/1 No failure Yes 0.00 Pass 
44 15.00/2 No failure Yes 0.00 Pass 
45 15.00/3 Fractured Yes 1.56 Pass 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
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Table 8-7 highlights that positive results were demonstrated with a number of the samples in the 
9.00 and 10.00 mm thickness groups.  These results were however not consistent until the 
specimen thickness increased to 11.00 mm – with all succeeding samples within the test group 
also showing positive results.  Stab protection achieved with 11.00 mm thick 50/50 Duraform EX® 
specimens is shown within Figure 8.9. 
 
 
Figure 8.9: 11.00/1 test specimen manufactured from 50/50 mix Duraform EX® 
 
Within these positive results, the Stanley test blade shattered, resulting in the tip of the blade left 
residing within the strike surface of the test specimens – as highlighted within Figure 8.9.  All of 
the specimens which demonstrated a positive result showed no signs of fracturing on either their 
strike or underside surfaces.   
 
It should also be noted that when testing 50/50 mix Duraform EX® specimens, the mode of failure 
for those up to and including 6.00 mm thick was a puncturing mode, while test specimens beyond 
this thickness demonstrated fracturing and shattering failure modes.  When compared to the 
results from stab testing virgin and recycled Duraform®, and virgin Duraform EX®, this mode of 
failure occurred up to a greater thickness than in previous experiments – suggesting the material 
is more suitable at absorbing stab impact energy. 
 
8.5 Conclusions 
All tests were performed to the UK HOSDB KR1-E1 stab impact energy of 24 Joules.   The results 
from previous experiments demonstrated that a stab resistance below the HOSDB 7.00 mm 
maximum was achieved with 11.00 mm single thickness test specimens manufactured from a 
50/50 mix of virgin and recycled Duraform EX®.  This may be attributed to the potentially greater 
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toughness and molecular weight of the 50/50 mix Duraform EX® in comparison to its virgin 
counterpart and Duraform® powders [23], [220] - a topic highlighted within section 4.4.4.  
Inconsistent stab resistance was demonstrated across all three of the other materials groups 
featured within this experiment. 
 
A summary of test results, highlighting minimum single thickness requirements are outlined 
within Table 8-8. 
 
Table 8-8: Summary of single thickness stab resistant minimum requirements 
Material Minimum thickness 
Duraform® Virgin No minimum achieved 
Duraform® 50/50 mix 
Initial 11.00 mm 
(Inconsistent at greater thicknesses) 
Duraform EX® Virgin No minimum achieved 
Duraform EX® 50/50 mix 11.00 mm 
 
Stab test results across all four material groups also demonstrated that thinner specimens (1.00-
2.00 mm thick) were likely to offer some resistance to shattering by feature a puncturing mode of 
failure. 
 
8.6 Implications for further work 
Based on the results obtained from this experiment, all future test specimens were manufactured 
from 50/50 mix Duraform EX® polyamide powder.  This material group demonstrated successful 
stab resistance to the UK HOSDB KR1-E1 impact energy of 24 J when stab tested using a Stanley 
1992 trimming blade – establishing stab resistance at a minimum single thickness of 11.00 mm. 
 
To further develop this research area, the next step was to assess the stab resistive performance 
of multi-layered LS test specimens manufactured from the 50/50 mix Duraform EX® powder.  
Initial results in the previously outlined experiment suggested that thinner specimens offered 
some degree of resistance; therefore multiple thin layers may demonstrate a reduced total 
thickness required to achieve stab protection.  In addition, literature documented within Chapter 
3 suggested that layer-based protection mechanisms are prevalent in a range of biological and 
engineered armours, with significant benefits gained from their use in comparison to single layer 
protection mechanisms. 
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Chapter 9 Establishing Dual Layered Stab Resistance 
 
 
 
9.1 Introduction 
Previous experiments established that a minimum single thickness planar sample of 11.00 mm, LS 
from a 50/50 mix of virgin and recycled Duraform EX®, was required to provide stab resistance to 
the HOSDB KR1-E1 impact energy of 24 Joules using a Stanley 1992 Trimming blade. 
 
As highlighted within Chapter 3, there are a range of protective mechanisms found within both 
nature and engineered armour which demonstrate the use of multi-layered structures aimed at 
providing protection against a range of penetrative threats [67], [236–238].  This chapter is 
therefore focussed on establishing a design methodology which incorporates the use of a dual 
layered structure to reduce the minimum required thickness established in Chapter 8.  A 
summary of the activities outlined within this chapter is shown in Figure 9.1.  
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Figure 9.1: Dual layer stab resistance chapter structure 
 
9.2 Objective 
Using Duraform EX® 50/50 mix powder, the primary objective of this experiment was to assess 
the stab resistance performance of dual-layered LS test specimens ranging in total thickness from 
7.00mm to 11.00 mm.  
 
9.3 Experimental Methodology - Part A 
9.3.1 Test Sample Geometry 
The main body of each test specimen measured 60 x 60 mm in length and width, and featured an 
identification tab.  Each specimen comprised of two equal thickness planar bodies to generate a 
dual layered structure - an example of which is demonstrated within Figure 9.2.  
 
 
Figure 9.2: Part A - Dual layered example 
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Test specimens were manufactured across five thickness groups, with three dual layered test 
specimens per group.  In total, 18 specimens were manufactured with 15 dual-layered and three 
single thickness control specimens.  These are detailed within Table 9-1. 
 
Table 9-1: Part A - dual layered test specimen configurations 
Sample 
No. 
Top Layer 
Thickness (mm) 
Bottom Layer 
Thickness (mm) 
Total Thickness 
(mm) 
 
Specimen ID 
Reference 
1 3.50 3.50 7.00 7.00/1 
2 3.50 3.50 7.00 7.00/2 
3 3.50 3.50 7.00 7.00/3 
4 4.00 4.00 8.00 8.00/1 
5 4.00 4.00 8.00 8.00/2 
6 4.00 4.00 8.00 8.00/3 
7 4.50 4.50 9.00 9.00/1 
8 4.50 4.50 9.00 9.00/2 
9 4.50 4.50 9.00 9.00/3 
10 5.00 5.00 10.00 10.00/1 
11 5.00 5.00 10.00 10.00/2 
12 5.00 5.00 10.00 
 
10.00/3 
13 5.50 5.50 11.00 11.00/1 
14 5.50 5.50 11.00 11.00/2 
15 5.50 5.50 11.00 11.00/3 
16 Single thickness control specimen 11.00 11.00/1 Control 
17 Single thickness control specimen 11.00 11.00/2 Control 
18 Single thickness control specimen 11.00 11.00/3 Control 
 
Specimens tested ranged in total thickness from 7.00 to 11.00 mm increasing in 1.00 mm 
increments – with the total test thickness equally split between the two planar bodies e.g. 11.00 
mm = 2 x 5.50 mm planar bodies.  Three 11.00 mm single thickness samples were also 
manufactured as control specimens.   
 
9.3.2 Test Sample Materials 
As outlined within section 8.3.2, all test specimens were manufactured from a 50/50 mix of virgin 
and recycled Duraform EX®. 
 
9.3.3 Test Specimen Manufacture 
Specimens were manufactured using an EOS P100 Formiga LS machine as previously documented 
within section 8.3.3. 
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9.3.4 Build Parameters 
Established LS machine and material build parameters were used – these were previously 
documented within section 8.3.4 and Table 8-1.  
 
9.3.5 Build Location 
To reduce any potential effects on stab resistance performance due to part positioning within the 
build volume, the placement of each specimen was randomised – their respective positions 
within the build volume are shown within Figure 9.3. 
 
     
Figure 9.3: Part A - Build Layout 
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As previously stated within section 7.3.1, all test specimens were centrally located on the build 
platform of the EOS P100 Formiga LS machine. A 5.00 mm spacing between specimens was 
maintained in both X and Y-directions, while a 3.00 mm spacing was maintained between samples 
in the Z-direction. 
 
9.3.6 Laser Sintering Build Operational Procedure 
The operational procedure for the building of LS test specimens for this experiment was 
previously documented within Chapter 8.3.6.   
 
9.3.7 Stab Testing Experimental Design 
In total, 18 specimens were tested - their order of testing is outlined within Table 9-2. 
 
Table 9-2: Part A, Dual Layering - Order of Testing 
Test Specimen ID Backing Tray 
1 11.00/1 Control 1 
2 8.00/1 2 
3 10.00/1 3 
4 10.00/2 1 
5 11.00/1 2 
6 9.00/1 3 
7 11.00/2 1 
8 11.00/2 Control 2 
9 7.00/1 3 
 
Test Specimen ID Backing Tray 
10 7.00/2 1 
11 9.00/2 2 
12 11.00/3 3 
13 8.00/2 1 
14 7.00/3 2 
15 11.00/3 Control 3 
16 9.00/3 1 
17 10.00/3 2 
18 8.00/3 3 
 
 
Dual layered specimens were positioned directly on top of each other, and appropriately 
positioned to enable the test blade to contact the strike surface of the top specimen within its 
central region.  
 
9.3.8 Stab Test Methodology 
The stab test methodology used for this experiment was the same as that previously described 
within section 7.3, with exceptions relating to the use of the Stanley 1992 trimming blades and 
digital calliper measuring apparatus as identified within Chapter 8.3.8. 
 
9.4 Results - Part A 
Results from stab testing the dual layered specimens manufactured from a 50/50 mix of virgin 
and recycled Duraform EX® are shown within Table 9-3 and Table 9-4. 
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Table 9-3: Single Thickness Control Specimen Stab Test Results 
Test Specimen ID Blade Failure Penetration Depth (mm) Result 
1 11.00/1 Control Yes 0.00 Pass 
2 11.00/2 Control Yes 1.39 Pass 
3 11.00/3 Control Yes 0.00 Pass 
Mean Impact Energy (J) = 23.69 
Mean Impact Velocity (m/s) = 2.70 
 
Table 9-4: Part A, Dual Layered Specimen Stab Test Results 
Test Specimen ID Blade Failure Penetration Depth (mm) Result 
1 11.00/1 Yes 0.00 Pass 
2 11.00/2 Yes 0.00 Pass 
3 11.00/3 Yes 0.00 Pass 
4 10.00/1 Yes 1.47 Pass 
5 10.00/2 Yes 5.80 Pass 
6 10.00/3 Yes 6.86 Pass 
7 9.00/1 Yes 1.57 Pass 
8 9.00/2 Yes 6.87 Pass 
9 9.00/3 No 6.97 Pass 
10 8.00/1 Yes 21.18 Fail 
11 8.00/2 Yes 24.23 Fail 
12 8.00/3 No 22.52 Fail 
13 7.00/1 No 26.00 Fail 
14 7.00/2 No 26.00 Fail 
15 7.00/3 Yes 26.09 Fail 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
 
Test results demonstrated that all three of the 11.00 mm single thickness control specimens 
provided a successful level of blade penetration resistance – with results similar to those 
previously identified within Chapter 8 and Table 8-7.  A low level of blade penetration was 
experienced with one such sample. 
 
The results summarised within Table 9-4 also demonstrated that repeatable and successful stab 
resistance was achieved with dual layered specimens at a total test sample thickness of 9.00 mm 
using two 4.50 mm planar layers.  A maximum 6.97 mm blade penetration was measured across 
all three specimens at this dual layered thickness – with a mean penetration depth of 5.14 mm.  
Images from the three 9.00 mm thick samples are shown in Figure 9.4. 
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Figure 9.4: Measuring blade penetration in 9.00 mm thick specimens sintered from 50/50 mix 
Duraform EX® 
 
Test specimens with a total thickness below 9.00 mm demonstrated a greater level of blade 
penetration – typically in excess of 20.00 mm.  In fact, the 7.00 mm thick dual layered specimens 
demonstrated no resistance to the stab threat as the maximum level of blade penetration was 
witnessed across all three tests – with the drop tower mechanical stops preventing the blade 
from puncturing any further. 
 
In approximately 90% of the positive results documented, the test blade shattered.  Also 
noteworthy is the response of the test specimens under impact of the blade.  Test results 
demonstrated that none of the 18 specimens tested shattered – with all specimens experiencing 
some level of blade penetration. 
 
9.5 Summary - Part A 
The initial experiment outlined demonstrated a significant reduction in the total specimen sample 
thickness required to achieve successful stab resistance.  A reduction from 11.00 mm to 9.00 mm 
was achieved through the adoption of an equal thickness two layered protection system 
manufactured from a 50/50 mix of Duraform EX®.  Although results where blade penetration was 
measure to between 6.00 - 7.00 mm were within acceptable parameters, they were categorised 
as marginal and colour coded accordingly to highlight their fine line between passing and failing. 
 
As previously documented within Chapter 3.2, many biological protective solutions are 
constructed of elements which feature a range of complex geometries and assembly parameters.  
It may therefore be likely that such dual layered protection systems feature layers varying in 
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thickness.  It is therefore important to determine whether stab resistance is affected when the 
top and bottom planar elements within a dual layered structure are not of equal thicknesses. 
  
9.6 Experimental Methodology - Part B 
The experimental methodology within the secondary experiment was largely similar to that 
previously described within Chapter 9.3.  A number of exceptions are highlighted. 
 
9.6.1 Test Sample Geometry 
All specimens tested within ‘Part B’ had a total thickness of 9.00 mm – with planar bodies ranging 
in thickness from 1.00 mm to 8.00 mm in increments of 0.5 mm.  For example, a 2.50 mm top 
layer and a 6.50 mm equalling a total thickness of 9.00 mm, as demonstrated within Figure 9.5. 
 
 
Figure 9.5: Part B - Dual layered specimen example 
 
The configuration of each test specimen is outline within Table 9-5. 
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Table 9-5: Part B - Dual layered test specimen configurations 
Sample 
No. 
Top Layer 
Thickness (mm) 
Bottom Layer 
Thickness (mm) 
Total Thickness 
(mm) 
 
Specimen ID 
Reference 
1 1.00 8.00 9.00 1.00/8.00-1 
2 1.00 8.00 9.00 1.00/8.00-2 
3 1.00 8.00 9.00 1.00/8.00-3 
4 1.50 7.50 9.00 1.50/7.50-1 
5 1.50 7.50 9.00 1.50/7.50-2 
6 1.50 7.50 9.00 1.50/7.50-3 
7 2.00 7.00 9.00 2.00/7.00-1 
8 2.00 7.00 9.00 2.00/7.00-2 
9 2.00 7.00 9.00 2.00/7.00-3 
10 2.50 6.50 9.00 2.50/6.50-1 
11 2.50 6.50 9.00 2.50/6.50-2 
12 2.50 6.50 9.00  2.50/6.50-3 
13 3.00 6.00 9.00 3.00/6.00-1 
14 3.00 6.00 9.00 3.00/6.00-2 
15 3.00 6.00 9.00 3.00/6.00-3 
16 3.50 5.50 9.00  3.50/5.50-1 
17 3.50 5.50 9.00  3.50/5.50-2 
18 3.50 5.50 9.00  3.50/5.50-3 
19 4.00 5.00 9.00  4.00/5.00-1 
20 4.00 5.00 9.00  4.00/5.00-2 
21 4.00 5.00 9.00  4.00/5.00-3 
22 4.50 4.50 9.00  4.50/4.50-1 
23 4.50 4.50 9.00  4.50/4.50-2 
24 4.50 4.50 9.00  4.50/4.50-3 
25 5.00 4.00 9.00  5.00/4.00-1 
26 5.00 4.00 9.00  5.00/4.00-2 
27 5.00 4.00 9.00  5.00/4.00-3 
28 5.50 3.50 9.00  5.50/3.50-1 
29 5.50 3.50 9.00  5.50/3.50-2 
30 5.50 3.50 9.00  5.50/3.50-3 
31 6.00 3.00 9.00  6.00/3.00-1 
32 6.00 3.00 9.00  6.00/3.00-2 
33 6.00 3.00 9.00  6.00/3.00-3 
34 6.50 2.50 9.00  6.50/2.50-1 
35 6.50 2.50 9.00  6.50/2.50-2 
36 6.50 2.50 9.00  6.50/2.50-3 
37 7.00 2.00 9.00  7.00/2.00-1 
38 7.00 2.00 9.00  7.00/2.00-2 
39 7.00 2.00 9.00  7.00/2.00-3 
40 7.50 1.50 9.00  7.50/1.50-1 
41 7.50 1.50 9.00  7.50/1.50-2 
42 7.50 1.50 9.00  7.50/1.50-3 
43 8.00 1.00 9.00  8.00/1.00-1 
44 8.00 1.00 9.00  8.00/1.00-2 
45 8.00 1.00 9.00  8.00/1.00-2 
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In total 15 dual layer combinations were tested with three specimens per combination - a total of 
45 test specimens were manufactured.  
 
9.6.2 Build Location 
Figure 9.6 illustrates the placement of each specimen within the LS build volume for Part B of this 
investigation.  Their respective positions were randomised to reduce any potential effects on stab 
resistance performance due to their location within the build volume. 
 
 
Figure 9.6: Part B Build Layout 
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9.6.3 Stab Testing Experimental Design 
The order of testing for the specimens featured within 'Part B' of the dual-layered investigation is 
documented within Table 9-6. 
 
Table 9-6: Part B - Dual layer order of testing 
Test Specimen ID Backing Tray 
1 3.50/5.50 - 1 1 
2 5.00/4.00 - 1 2 
3 6.00/3.00 - 2 3 
4 4.50/4.50 - 3 1 
5 8.00/1.00 - 2 2 
6 7.50/1.50 - 1 3 
7 3.00/6.00 - 2 1 
8 1.50/7.50 - 2 2 
9 1.00/8.00 - 1 3 
10 5.50/3.50 - 1 1 
11 2.50/6.50 - 2 2 
12 7.00/2.00 - 3 3 
13 4.00/5.00 - 1 1 
14 2.00/7.00 - 1 2 
15 6.50/2.50 - 3 3 
16 6.50/2.50 - 2 1 
17 1.50/7.50 - 1 2 
18 5.50/3.50 - 3 3 
19 3.00/6.00 - 3 1 
20 8.00/1.00 - 3 2 
21 5.50/3.50 - 2 3 
22 4.00/5.00 - 3 1 
23 2.00/7.00 - 3 2 
 
Test Specimen ID Backing Tray 
24 4.50/4.50 - 1 3 
25 2.50/6.50 - 3 1 
26 6.00/3.00 - 3 2 
27 2.50/6.50 - 1 3 
28 6.00/3.00 - 1 1 
29 5.00/4.00 - 2 2 
30 6.50/2.50 - 1 3 
31 2.00/7.00 - 2 1 
32 1.50/7.50 - 3 2 
33 1.00/8.00 - 3 3 
34 7.50/1.50 - 3 1 
35 7.00/2.00 - 2 2 
36 3.50/5.50 - 3 3 
37 8.00/1.00 - 1 1 
38 4.50/4.50 - 2 2 
39 3.00/6.00 - 1 3 
40 1.00/8.00 – 2 1 
41 4.00/5.00 – 2 2 
42 7.50/1.50 – 2 3 
43 7.00/2.00 – 1 1 
44 3.50/5.50 – 2 2 
45 5.00/4.00 – 3 3 
 
 
9.7 Results - Part B 
Initial results from the stab resisting of multi-thickness stacked dual layered specimens with a 
total thickness of 9.00 is shown within Table 9-7. 
 
  
Chapter 9 Establishing Dual Layered Stab Resistance 
153 
Table 9-7: Part B - Dual layer results summary 
Test Specimen ID Blade Failure Penetration Depth (mm) Result 
1 1.00/8.00 – 1 Yes 0.00 Pass 
2 1.00/8.00 – 2 Yes 0.00 Pass 
3 1.00/8.00 - 3 Yes 2.94 Pass 
4 1.50/7.50 – 1 Yes 0.00 Pass 
5 1.50/7.50 – 2 Yes 6.57 Pass 
6 1.50/7.50 – 3 Yes 0.00 Pass 
7 2.00/7.00 – 1 Yes 0.00 Pass 
8 2.00/7.00 – 2 Yes 1.11 Pass 
9 2.00/7.00 – 3 Yes 1.40 Pass 
10 2.50/6.50 – 1 No 2.06 Pass 
11 2.50/6.50 – 2 Yes 0.00 Pass 
12 2.50/6.50 - 3 Yes 0.00 Pass 
13 3.00/6.00 - 1 No 6.46 Pass 
14 3.00/6.00 - 2 Yes 0.05 Pass 
15 3.00/6.00 - 3 Yes 0.00 Pass 
16 3.50/5.50 - 1 Yes 4.94 Pass 
17 3.50/5.50 - 2 Yes 0.00 Pass 
18 3.50/5.50 - 3 Yes 0.00 Pass 
19 4.00/5.00 - 1 Yes 3.44 Pass 
20 4.00/5.00 - 2 No 6.27 Pass 
21 4.00/5.00 - 3 Yes 6.98 Pass 
22 4.50/4.50 - 1 Yes 5.91 Pass 
23 4.50/4.50 - 2 Yes 3.05 Pass 
24 4.50/4.50 - 3 Yes 0.00 Pass 
25 5.00/4.00 - 1 Yes 0.00 Pass 
26 5.00/4.00 - 2 Yes 0.00 Pass 
27 5.00/4.00 - 3 Yes 1.36 Pass 
28 5.50/3.50 - 1 Yes 3.89 Pass 
29 5.50/3.50 - 2 Yes 6.44 Pass 
30 5.50/3.50 - 3 Yes 0.00 Pass 
31 6.00/3.00 - 1 No 6.89 Pass 
32 6.00/3.00 - 2 Yes 1.46 Pass 
33 6.00/3.00 - 3 Yes 0.00 Pass 
34 6.50/2.50 - 1 Yes 0.00 Pass 
35 6.50/2.50 - 2 Yes 0.00 Pass 
36 6.50/2.50 - 3 Yes 15.14 Fail 
37 7.00/2.00 - 1 No 5.53 Pass 
38 7.00/2.00 - 2 Yes 6.89 Pass 
39 7.00/2.00 - 3 Yes 1.59 Pass 
40 7.50/1.50 - 1 Yes 5.58 Pass 
41 7.50/1.50 - 2 Yes 3.01 Pass 
42 7.50/1.50 - 3 Yes 0.00 Pass 
43 8.00/1.00 - 1 Yes 0.00 Pass 
44 8.00/1.00 - 2 Yes 4.49 Pass 
45 8.00/1.00 - 3 Yes 0.00 Pass 
Mean Impact Energy (J) = 23.68 
Mean Impact Velocity (m/s) = 2.70 
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44 of the 45 samples tested within the secondary experiment demonstrated a successful level of 
stab resistance and protective performance within the documented HOSDB KR1-E1 requirements. 
 
As highlighted within Table 9-7, one specimen with a layer arrangement of 6.50/2.50 mm failed 
testing – such may be regarded as an anomaly as the two additional samples within this group 
experienced zero blade penetration.  The results from ‘Part B’ were further reviewed, as shown 
within Figure 9.7. 
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Upon review of Figure 9.7 it was noticeable that mean blade penetration was recorded to be 
lower when the top layer of the dual layered specimens was thinner than the layer beneath, i.e. 
when 1.00 - 3.50 mm.  As the top layer of the structure became the dominant thickness, the 
results presented within Figure 9.7 suggested that mean blade penetration increased.  This is 
illustrated within Figure 9.8. 
 
    
Figure 9.8: Specimen 1.00/8.00-2 (left) & Specimen 7.00/2.00-2 manufactured from 50/50 mix 
Duraform EX® (right) 
 
The images shown within Figure 9.8 were selected to further illustrate the trend of blade 
penetration depending on the thickness of the top layer.  The thinner top layer of the 1.00/8.00-2 
specimen within Figure 9.8 deformed under blade impact – this was not replicated in the thicker 
top layer of the 7.00/2.00-2 specimen.  Instead, the test blade penetrated both specimens before 
shattering when it could travel no further through the samples.  
 
9.8 Conclusions 
Through the adoption of a dual layered protection mechanism, results from initial 
experimentation demonstrated a clear reduction of 2.00 mm in the minimum thickness required 
to achieve successful stab protection to the UK HOSDB KR1-E1 impact energy of 24 Joules.  A 9.00 
mm dual layered structure featuring equal thickness 4.50 mm layers was established – in 
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comparison to the 11.00 mm single thickness minimum requirement previously established in 
Chapter 8. 
 
While maintaining the minimum dual layer total thickness of 9.00 mm, additional 
experimentation demonstrated that the composition of the dual layer structures used to 
generate the minimum total thickness had a minor effect on stab resistive performance.  As 
illustrated within Figure 9.7, a general trend was observed where specimens featuring a thin top 
layer demonstrated a lower level of blade penetration in comparison to specimens with a thick 
top layer.  While such a trend was observed, all specimens demonstrated stab protection within 
acceptable parameters.  This development therefore suggested that geometrically complex 
components featuring a dual layered structure, that also satisfies the 9.00 mm minimum 
thickness requirement, could provide an appropriate level of stab-protection to the KR1-E1 
impact energy. 
 
Additionally, the results gathered from testing the 11.00 mm single thickness control specimens 
featured within ‘Part A’ of this experiment also supported those established within Chapter 8.  
This therefore suggested that blade failure in both previous experiments and the current 
experiment was likely due to a release of kinetic energy rather than a manufacturing defect. 
 
Potential explanations for the anomalous results experienced within 'Test 36' include 
manufacturing faults within the specimens or the blade used for testing.   
 
A brief summary of the results obtained within this experiment to achieve stab resistance using 
dual layered structure to HOSDB KR1-E1 requirements with 50/50 mix Duraform EX® LS powder 
are outlined within Table 9-8.  
 
Table 9-8: Summary of dual thickness stab resistant requirements 
Part Total Thickness Top Layer Thickness Bottom Layer Thickness 
A 9.00 mm 4.50 4.50 
B 9.00 mm 
Layers ranged in thickness from 1.00 to 8.00 mm thick in 0.5 mm 
increments.  All specimens with total thickness of 9.00 mm successful.   
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9.9 Implications for Further Work 
The development of a dual layered LS structure has shown to significantly reduce the minimum 
thickness required in order to achieve stab resistance to the UK KR1-E1 impact energy when stab 
tested using a Stanley 1992 trimming blade.   The development of such may therefore inspire the 
incorporation of dual layered LS structures within an array or assembly of geometrically complex 
components – potentially leading to the formation of a stab resistant articulated assembly. 
 
In order to do such, further development is required.  All of the LS specimens tested within this 
and previous experiments measured 60 x 60 mm.  As documented within Chapter 3.2, biological 
protective elements such as scales range in size depending on its wearer.  Such solutions have 
evolved over significant lengths of time, to ensure a balance is achieved between providing 
suitable protection and also enabling appropriate levels of manoeuvrability for its wearer.  
Further investigation is therefore required to explore whether a reduction in the size of the 
current LS dual layered specimens would have an effect on their stab resistance performance. 
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Chapter 10 Identifying Minimum Stab Resistant Element Size 
 
 
10.1 Introduction 
All previous experimental tests featured the use of planar specimens measuring 60 x 60 mm in 
length and width.  As highlighted within Chapter 3, the size of individual scales has shown to have 
an effect on mobility and survivability.  This chapter therefore focuses on minimising the size of 
the planar elements while maintaining stab resistant protection to the HOSDB KR1-E1 impact 
energy of 24 Joules when using a Stanley 1992 trimming blade.  A schematic of this experiment is 
shown within Figure 10.1. 
 
 
Figure 10.1: Element size chapter structure 
Chapter 1
Introduction
Chapter 12
Discussion & Conclusions
Chapter 2
Sharp-Force Incidents
Chapter 3
Armour
Chapter 4
Additive Manufacturing
Literature Review
Chapter 5 
Research Methodology
Chapter 9
Establishing Dual 
Layered Stab Resistance
Chapter 10
Identifying Minimum 
Element Size
Chapter 8
Establishing Single Layer 
Stab Resistance
Chapter 7
Stab Blade Identification
Chapter 11
Element  Concept 
Design and Analysis
Chapter 6 
Stab Test Experimental Methodology
10.4 Results
10.3 Experimental 
Methodology
10.6 Implications for 
Further Work10.5 Conclusions
Literature Review & 
Experiment Three 
Recommendations
10.1 Introduction
10.2 Objectives
Stab Test 
Experimental 
Methodology
Sample Geometry & 
Experimental Design
LS Build Procedure
Chapter 10  Identifying Minimum Stab Resistant Element Size 
160 
 
10.2 Objectives 
The primary objective of this experiment was to investigate the effects of minimising the size of 
the dual layered planar test specimens while achieving stab resistant protection against the 
Stanley 1992 Trimming blades when tested to the UK HOSDB KR1 impact energy of 24 Joules.   
 
10.3 Experimental Methodology 
The stab test methodology documented within Chapter 6and experimental methodology 
documented within section 8.3 were used for this experiment with exception to the following 
areas. 
 
10.3.1 Test Specimen Geometry 
All test specimens featured a maximum total thickness of 9.00 mm and incorporated a dual 
layered structure – as previously established within Chapter 9.  Test specimens ranged in size 
from 60 x 60 mm to 20 x 20 mm in length and width, with three specimens tested per size group - 
as documented within Table 10-1. 
 
Table 10-1: Dual layered test specimen element size configurations 
No. 
Sample 
Size (mm) 
Top Layer 
Thickness (mm) 
Bottom Layer 
Thickness (mm) 
Total Thickness 
(mm) 
Specimen ID 
Reference 
1 
60 x 60 
4.50 4.50 9.00 
60x60-1 
2 60x60-2 
3 60x60-3 
4 
50 x 50 
50x50-1 
5 50x50-2 
6 50x50-3 
7 
40 x 40 
40x40-1 
8 40x40-2 
9 40x40-3 
10 
30 x 30 
30x30-1 
11 30x30-2 
12 30x30-3 
13 
20 x 20 
20x20-1 
14 20x20-2 
15 20x20-3 
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As previous experimentation demonstrated that the composition of the total thickness within a 
dual layered structure had no detrimental effect on stab performance, the dual layered structures 
documented within Table 10-1 comprised of two equal thickness 4.50 mm layers. 
 
Illustrations of the specimens noted within Table 10-1 are demonstrated within Figure 10.2. 
 
 
Figure 10.2: Examples of dual layered planar sample geometries  
 
When positioned on top of each other during testing, the two equal thickness 4.50 mm planar 
elements created a total specimen thickness of 9.00 mm. 
 
10.3.2 Build Location 
The locations of the test specimens within the LS build volume are outlined within Figure 10.3. 
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Figure 10.3: Experiment Four - Build Layouts 
 
10.3.3 Stab Testing Experimental Design 
All tests were performed using an Instron 9250HV drop tower fitted with a new Stanley 1992 
trimming blade per test – as established within Chapter 7.  In total 15 specimens were 
manufactured, their order of testing outlined within Table 10-2. 
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Table 10-2: Experimental order of testing 
Test Specimen ID Backing Tray 
1 60x50-3 1 
2 50x50-2 2 
3 40x40-3 3 
4 30x30-1 1 
5 20x20-3 2 
6 30x30-3  3 
7 50x50-1  1 
8 60x60-1 2 
 
Test Specimen ID Backing Tray 
9 20x20-1 3 
10 40x40-2 1 
11 50x50-3 2 
12 60x60-2 3 
13 40x40-1 1 
14 30x30-2 2 
15 20x20-2 3 
 
 
To minimise the potential effects of any uncontrollable variables present within the test 
environment, the order of stab testing was randomised. 
 
10.4 Results 
The results shown in Table 10-3 demonstrate the transition between successful and unsuccessful 
stab resistant specimen sizes. 
 
Table 10-3: Element size results summary 
Number Specimen ID Blade Failure Penetration Depth (mm) Result 
1 60x60-1 Yes 4.52 Pass 
2 60x60-2 Yes 6.47 Pass 
3 60x60-3 Yes 0.00 Pass 
4 50x50-1 Yes 0.00 Pass 
5 50x50-2 Yes 0.00 Pass 
6 50x50-3 No 5.34 Pass 
7 40x40-1 Yes 0.00 Pass 
8 40x40-2 No 0.00 Pass 
9 40x40-3 Yes 0.00 Pass 
10 30x30-1 No 18.06 Fail 
11 30x30-2 Yes 0.00 Pass 
12 30x30-3 No 19.11 Fail 
13 20x20-1 No 5.28 Pass 
14 20x20-2 No 3.71 Pass 
15 20x20-3 Yes 0.05 Pass 
Mean Impact Energy (J) = 23.64 
Mean Impact Velocity (m/s) = 2.70 
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Planar test specimens measuring between 40 x 40 mm to 60 x 60 mm demonstrated successful 
levels of stab resistance across all samples.  An example of a 40 x 40 mm successful planar 
specimen is shown within Figure 10.4. 
 
   
Figure 10.4: 40x40-2 planar specimen 
 
It is clear to see from Figure 10.4 and Table 10-3 that no blade penetration was measured on the 
underside of the 40 x 40 mm test specimens.  Conversely, the 30 x 30 mm demonstrated 
inconsistent stab resistance, with blade penetration in two of the three specimens exceeding the 
7.00 mm maximum limit defined by the HOSDB stab resistant body armour standard, an example 
of which is shown within Figure 10.5 (left). 
 
   
Figure 10.5: Test specimens 30x30-3 (left) and 20x20-1 (right) 
 
Chapter 10  Identifying Minimum Stab Resistant Element Size 
165 
Figure 10.5 (right) also shows an example of one of the specimens from the 20 x 20 mm group.  
Despite all test samples technically passing with blade penetration below the 7.00 mm maximum, 
all of the specimens were pushed into the backing material by up to 25 mm.  This is shown in 
Figure 10.6. 
 
   
Figure 10.6: Typical back deformation with 20 x 20 mm test specimens 
 
It was therefore assumed that the use of the 20 x 20 mm elements could potentially lead to 
individuals sustaining significant injuries as a result of blunt force trauma - where the maximum 
back face blunt force deformation for HOSDB approved body armour is set at 15.00 mm [58].  
This was previously documented within section 2.7.2.  Updated results relating to the 20 x 20 mm 
specimen group taking into consideration their significant level of back face deformation are 
shown within Table 10-4. 
 
Table 10-4: Updated results including deformation: 20 x 20 mm specimens 
Number 
Specimen 
ID 
Blade 
Failure 
Penetration 
(mm) 
Penetration  
Result 
Underside 
Deformation (mm) 
Deformation 
result 
13 20x20-1 No 5.28 Pass 22.14 Fail 
14 20x20-2 No 3.71 Pass 10.23 Pass 
15 20x20-3 Yes 0.05 Pass 22.88 Fail 
 
When considering the measured depth of deformation into the backing material, two of the three 
test specimens failed to successfully provide an appropriate level of protection to stab resistant 
body armour standards. 
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10.5 Conclusions 
The activities performed within this experiment successfully identified that dual layered 9.00 mm 
thick LS elements featuring a minimum size of 40 x 40 mm provided stab resistance to the UK 
HOSDB KR-E1 impact energy.  This identified minimum requirement was similar in size to 
protective elements featured within a number of naturally occurring armours – as documented 
within Chapter 3.2.  Adult alligators, alligator gar and arapaima gigas animals are all known to 
have featured body armour protective elements with a minimum length of approximately 40 mm. 
 
A noticeable pass/fail distinction was identified within the outlined results, with two of the three 
specimens measuring 30 x 30 mm failed to provide stab protection.  Also notable from the results 
within this experiment was that the 20 x 20 mm test specimens featured blade penetration 
through their underside within acceptable parameters. However, these samples were significantly 
pushed into the backing material – exceeding the 15.00 mm back face signature limit defined by 
the UK HOSDB [58] and noted within Chapter 2.7.  Therefore, the results gathered from the 20 x 
20 mm samples were not considered when establishing the minimum sample size. 
 
It should be noted that back face deformation was only measured for the 20 x 20 mm specimens 
featured within this experiment and not in any of the previously documented experiments. 
 
10.6 Implications for Further Work 
The minimum element size obtained from this experiment, coupled with the requirements 
established from previous experiments to maintain stab resistance to the HOSDB KR1-E1 energy 
are outlined within Table 10-5. 
 
Table 10-5: Summary of stab resistant requirements 
Category Requirement 
Material Duraform EX® 
Material composition 50/50 (Virgin/Recycled) 
Stab resistance - Single thickness 11.00 mm 
Stab resistance – Dual thickness 9.00 mm 
Element Size 40 x 40 mm 
 
Using the requirements outlined within Table 10-5 and the literature previously identified, further 
research was performed to establish a stab resistant imbricated assembly capable of providing 
stab resistant protective coverage to the UK HOSDB KR1-E1 impact energy. 
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Chapter 11 Element Concept Design & Analysis 
 
 
 
11.1 Introduction 
As documented within Chapter 3, there has been an historical trade-off between armour 
manoeuvrability and their protective performance.  Combined with the highlighted knowledge of 
biological and engineered protection mechanisms, the results from prior experiments were used 
to inform the design, development and stab testing of an imbricated structure manufactured via 
Laser Sintering using 50/50 mix Duraform EX®.  Providing stab protection to the UK HOSDB KR1-E1 
impact energy using a 9.00 mm minimum dual thickness structure as determined by previous 
experiments was essential. 
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Figure 11.1: Concept design and analysis chapter structure 
 
11.2 Objectives 
Using results from the previously documented experiments and highlighted design characteristics 
pertaining to the evolution of scale based natural armour, two primary objectives were 
established: 
 Part A: To develop a series of concepts featuring acknowledged stab resistant 
characteristics – evaluating said design concepts considering coverage and layer structure. 
 Part B: Select the most appropriate concept for manufacture and assess its stab resistant 
performance to the UK HOSDB KR1-E1 impact energy of 24 Joules when stab tested using 
a Stanley 1992 trimming blade. 
 
11.3 Concept Generation 
A series of armour element concepts are explored within the following sub-sections. 
 
11.3.1 Concept One: Imbricated Square Planar Design 
The design of the imbricated structure as featured within Figure 11.2 were built on use of the 
dual 40 x 40 x 4.5 mm thick planar elements previously established within Chapter 10.  In addition, 
the literature documented within Chapter 3suggested that an assembly angle of between 10° - 20° 
demonstrated multi-layered protection.  The first concept therefore incorporated an initial 
assembly angle of 10° to generate an imbricated structure.  This design is shown within Figure 
11.2. 
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Figure 11.2: Concept One - Imbricated Square Planar Design 
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Upon review of the initial concept shown within Figure 11.2, dual layered coverage with a 
minimum thickness of 9.00 mm across two layers was not achieved across the complete assembly 
with an initial assembly angle of 10°.  This is also demonstrated within Table 11-1. 
 
Table 11-1: Example of the assembly angle investigation at 10° 
 
Assembly 
Angle 
Total Assembly 
Height 
Overlap 
Distance 
Minimum 
Thickness (TMin) 
Maximum 
Thickness (TMax) 
Imbrication 
Factor 
10° 11.38 mm 27.22 mm 4.57 mm 9.44 mm 0.681 
 
Within an assembly angle of 10°, the total assembly height when using 40 x 40 x 4.50 mm planar 
elements measured 11.38 mm, and featured a minimum thickness (TMin) of 4.57 mm.  An 
imbrication factor (Kd)  of 0.681 was established where the exposed scale length was divided by 
the total scale length (27.22 mm /40.00 mm) [89] - as previously described within section 3.2.6. 
 
Further investigation was therefore performed to establish a minimum TMin value of 9.00 mm 
across a two layered structure.  Initial assembly angles of 10° - 20°, as determined by established 
literature within Chapter 3, increasing in one degree increments were analysed - the results of 
which are outlined within Table 11-2. 
 
Table 11-2: Assembly Angle Investigation 10 - 20° 
Assembly 
Angle (°) 
Total Assembly 
Height (mm) 
Overlap 
Distance (mm) 
Minimum 
Thickness (mm) 
Maximum 
Thickness (mm) 
Imbrication 
Factor 
10 11.38 27.22 4.57 9.44 0.681 
11 12.05 24.69 4.58 9.47 0.617 
12 12.72 22.58 4.60 9.51 0.565 
13 13.38 20.79 4.62 9.54 0.520 
14 14.04 19.25 6.18 9.58 0.481 
15 14.69 17.91 9.63 14.60 0.448 
16 15.35 16.74 9.67 14.67 0.419 
17 16.00 15.70 9.72 14.74 0.393 
18 16.64 14.77 9.78 14.83 0.369 
19 17.28 13.94 9.84 14.91 0.349 
20 17.91 13.19 9.90 15.00 0.330 
 
The results documented within Table 11-2 highlighted that a TMin value of 9.63 mm was 
established at an assembly angle of 15° - satisfying the minimum 9.00 TMin value.  Within this 
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same assembly the TMax value was calculated at 14.60 mm – a considerable increase from the 
9.58 mm thickness estimated for a structure with a 14° assembly angle.  Further investigation was 
therefore performed to reduce the TMax value whilst ensuring a TMin value of at least 9.00 mm 
was established.  The TMin and TMax values for a series of imbricated assemblies ranging in 
angles from 14.1-14.5°, increasing in 0.1° increments were assessed – these results are outlined 
within Table 11-3. 
 
Table 11-3: Additional Assembly Angle Investigation 14.1 - 14.5° 
Assembly 
Angle (°) 
Total Assembly 
Height (mm) 
Overlap 
Distance (mm) 
Minimum 
Thickness (mm) 
Maximum 
Thickness (mm) 
Imbrication 
Factor 
14.1 14.12 19.12 7.03 9.58 0.478 
14.2 14.17 18.97 8.19 9.59 0.474 
14.3 14.24 18.83 9.32 9.60 0.471 
14.4 14.31 18.69 9.60 10.50 0.467 
14.5 14.37 18.56 9.61 11.50 0.464 
 
Upon review of Table 11-3, an enhanced assembly angle of 14.3° established a TMin value of 9.32 
mm and a TMax value of 9.60 mm - a reduction in the maximum thickness of 1.60 mm initially 
documented for a 15° assembly.  The 14.3° assembly angle concept is shown within Table 11-4. 
 
Table 11-4: 14.3° assembly angle results 
 
Assembly 
Angle 
Total Assembly 
Height 
Overlap 
Distance 
Minimum  
Thickness (TMin) 
Maximum 
Thickness (TMax) 
Imbrication 
Factor 
14.3° 14.24 mm 18.83 mm 9.32 mm 9.60 mm 0.471 
 
Further imbricated concepts therefore featured a 14.3° assembly angle - thus ensuring the 
minimum 9.00 mm TMin value was achieved, while also minimising the TMax value. 
 
Unfortunately both the original imbricated concept proposed within Figure 11.2 and the 
enhanced version shown within Table 11-4 demonstrated weaknesses between individual 
elements – as highlighted within Figure 11.3. 
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Figure 11.3: Highlighting single layer weaknesses between elements 
 
A single layer of protection was present between elements which could potentially allow a bladed 
threat to circumnavigate the dual layered protection mechanism, and slide between elements to 
inflict injury.  In light of the highlighted weakness, further investigation was performed to identify 
methods to enhance protection within these areas.  
 
11.3.2 Concepts Two to Four: Enhancing Protection between Elements 
The concepts explored within this section investigated methods to enhance protection between 
individual elements.  Three between element mechanisms were explored, including the 
incorporation of: 
 Concept Two - Socket linking structures. 
 Concept Three - Chamfered edges. 
 Concept Four - Central protrusion. 
 
The concept which featured use of a socket linkage structure was inspired by the non-textile 
fabric linkage structure featured within patent US2011076429 - as documented within Chapter 
3.6.  Individual elements within the original patent design featured either a socket or pin 
structure which created an assembled structure while maintaining protective coverage between 
elements.  The second concept therefore featured a similar mechanism where one edge 
incorporated a pin structure, while its parallel side featured a corresponding socket structure.  
The second imbricated concept is shown within Figure 11.4. 
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Figure 11.4: Concept Two - Between element socket feature protection 
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Indications from Figure 11.4 suggested that the assembled structure within the second concept 
would maintain a TMin value above the established HOSDB 9.00 mm minimum - including within 
the areas located between individual elements.  However, as the socket structures are located 
along parallel faces, the concept may potentially restrict the manoeuvrability of elements along 
their lengths.  Additionally, cross-section A-A demonstrated that a three and four layered 
structure would be created within the area between elements, therefore exceeding the dual 
layered approach identified within this body of research.  Further concepts therefore explored 
methods to maintain between link coverage across a dual layered structure. 
  
The second method used to potentially enhance stab protection in the area between individual 
elements was inspired by chamfered edge features identified within biological elasmoid and 
ganoid scale based imbricated structures - as documented within Chapter 3.2.  The primary aim of 
this concept was to enhance on the results initially demonstrated within Figure 11.4 where three 
and four layered structures were used to ensure coverage was maintained between individual 
elements.  The chamfered edges featured within the third concept aimed to ensure a dual layered 
structure was maintained across the complete assembly structure, as demonstrated within Figure 
11.5. 
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Figure 11.5: Concept Three - Chamfered edge protection 
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The concept shown within Figure 11.5 demonstrated excellent coverage between individual 
elements using a multi-layered structure.  However, due to the incorporation of the 45° 
chamfered edge features, a three layered structure was created within the regions where 
elements overlapped – as indicated within Figure 11.6. 
 
 
Figure 11.6: Cross-section view of 'Concept Three' demonstrating a three layered structure 
 
The concept presented may also restrict element manoeuvrability along the direction of the 
chamfered edge - similar to that previously shown within Figure 11.4.  The incorporation of the 
chamfered edges within Figure 10.5 present a TMin value of 4.64 mm using the currently 
established element dimensions and assembly angles - below the 9.00 mm minimum required 
thickness.  
 
In summary both Concepts Two and Three demonstrated within Figure 11.4 and Figure 11.5 
respectively fell short of establishing a dual layer protective mechanism.  Further improvements 
in the form of protruded elements to provide additional protection, or the adoption of traditional 
pentagonal scale-like elements may unlock the ability to generate a dual layered protective 
structure while maintaining a TMin value of 9.00 mm. 
 
The protrusion-based concept demonstrated within Figure 11.7 was inspired by the osteoderm 
and placoid biological armour documented within Chapter 3.2.  Such biological scale-based 
armours typically feature elements with raised central regions to enhance their protective 
performance and coverage between individual elements.  The incorporation of a protrusion 
feature within an element concept is shown within Figure 11.7. 
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Figure 11.7: Concept Four - Central protrusion protection 
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The concept shown within Figure 11.7 featured a 4.50 mm high protrusion along half of the 
length of main body.  Elements also featured previously established geometrical characteristics, 
and included a series of chamfered parallel surfaces on the newly added protrusion feature, as 
initially explored within Figure 11.5.   
 
In its current iteration, the concept shown in Figure 11.7 provided an unsuitable level of 
protection, with a TMin value of 4.64 mm - below the established 9.00 mm minimum 
requirement.  The inclusion of the protruded feature also created a single layer thickness of 9.00 
mm - instead of a dual layered structure.   With further development the inclusion of such a 
mechanism that features a dual layered structure could potentially demonstrate a suitable level 
of protective coverage against stab threats. 
 
11.3.3 Concept Five: Filleted Corners  
In addition to the design criteria established in previous experiments and prior generated 
concepts, the imbricated design featured within Figure 11.8 incorporated two filleted corners 
within each element.  The primary aim of introducing this was to investigate how coverage was 
affected, and determine whether elasmoid scale-type geometry could be incorporated to assist in 
the generation of an imbricated structure.  This investigation was inspired by the natural elasmoid 
scale geometries previously outlined within Chapter 3.2, where filleted features were present 
towards the front of scales.  Concept five is presented within Figure 11.8. 
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Figure 11.8: Concept Five - Filleted Corners 
 
By incorporating fillet features towards the front of each element, Figure 11.8 demonstrated that 
a dual layered structure was not maintained across the whole assembly.  Section A-A highlighted 
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that a TMin value of 4.63 mm was measured through a single layer thickness in the area opened 
up with the inclusion of the fillet feature - below the 9.00 mm dual layer minimum requirement. 
 
The incorporation of filleted or similar geometric features may allow room for greater movement 
between individual elements in comparison to the square planar elements initially demonstrated 
within previous concepts.  Further design development would however be required to ensure an 
appropriate TMin value is established across the complete imbricated assembly. 
 
11.3.4 Concept Six: Chamfered Bulbous Nose 
The concept shown within Figure 11.9 featured two chamfered corners at an angle of 44° in 
replacement of the filleted corners shown within Figure 11.8.  The aim of such was to encourage 
interlinking and manoeuvrability between individual elements and to assist in creating a dual 
layered structure across the complete imbricated assembly.  To further assist such development, 
the height of individual elements within their nose region was increased to 9.75 mm from the 
9.00 mm thickness initially proposed with a centrally located protruded feature previously 
presented in Figure 11.7.  These developments are highlighted in Figure 11.9. 
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Figure 11.9: Concept Six - Chamfered Bulbous Nose 
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Results from the concept shown within Figure 11.9 demonstrated the development of a dual 
layered structure within the front nose region of the assembled elements - as shown within 
Section A-A.  Within this region a TMax value of 14.50 mm was measured.  In addition, the 
concept demonstrated a 9.33mm TMin value.  This thickness was however measured within an 
area where a single layer of material was present and therefore was out of specification for a 
single layer thickness – as it would not provide an appropriate level of stab protection to the 
established requirements.  Further design development was therefore performed to create a dual 
layered structure within this region - as shown within Figure 11.10. 
 
 
Figure 11.10: Concept Six featuring a complete dual layered structure 
 
A 0.30 mm thick cut was created through the rear of each element.  Once imbricated, the 
individual elements established a dual layered structure measuring 9.03 mm in material thickness 
across the rear of each element within the complete assembly.  
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 The incorporation of such a feature within individual elements was achievable due to the design 
and manufacturing freedom offered by the use of LS manufacturing technologies - as 
documented within Chapter 4. 
 
Further fine tuning of the design features within the latest concept was required in order to 
reduce the current TMax thickness of 14.50 mm and overall imbricated assembly thickness of 
19.57 mm. 
 
11.3.5 Final Design Concept 
The final concept featured within Figure 11.11 enhanced the work previously established within 
section 11.3.4.  Developments included chamfering the top surfaces of elements to reduce both 
TMax values and the total height of the imbricated assembly - a characteristic highlighted within 
Chapter 3.2 where elasmoid natural scales featured lightly chamfered top surfaces to create a 
smoothened strike surface once assembled.   
 
 
Figure 11.11: Final element design anatomy 
 
In addition to chamfering the top surfaces of elements, a radius was added to their underside.  
Coupled with the established imbrication angle of 14.30°, the incorporation of such a feature 
enabled a greater degree of top surface chamfer to be added to the concept.  Therefore despite 
increasing the total height of each individual element to 10.30 mm, the overall assembly height 
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was reduced from 19.57 mm in Figure 11.10 to 13.00 mm - whilst ensuring a dual layered 
structure with a TMin value equal to or greater than 9.00 mm was created.  The final element 
design within an assembled structure is shown within Figure 11.12. 
 
 
Figure 11.12: Final element assembly structure  
 
When orientated with an imbrication assembly angle of 14.30°, each element was designed to sit 
on top of those below.  This therefore encouraged the formation of an interlinking structure with 
the aim to enhance stab resistance and ensure an effective area for stab energy dissipation was 
created across the complete assembly.  A spacing of 0.30 mm between elements was established 
to assist with assembly manufacture.  
 
A summary of the final element design and assembly characteristics gathered across concept 
iterations are described within Table 11-5. 
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Table 11-5: Summary of Design 
 Characteristic Link Parameter 
In
d
iv
id
u
al
 
El
em
e
n
t 
Morphology Pentagonal 
Length 40.00 mm 
Width 40.00 mm 
Maximum thickness 10.30 mm 
Minimum thickness 4.50 mm 
Aspect Ratio – Length/Thickness 1:1 
A
ss
em
b
ly
 
Assembly: Scale Angle 14.30° 
Imbrication Factor 
(Exposed Scale Length / Total Scale Length) 
0.496 
Spacing between Scales 0.30 mm 
Minimum thickness 9.42 mm 
Maximum thickness 13.00 mm 
 
11.3.6 Design Summary 
Development from the initial square planar elements through to the final concept demonstrated 
within Figure 11.10 to Figure 11.12 featured a pentagonal morphology with an integrated dual 
layered construction.  This was inspired by various characteristics which occur in biological 
armour solutions, and the modern manufacturing freedom offered through the use of LS 
technologies.  
 
The final concept was chosen for manufacture and stab testing.  A summary of the design 
development process is shown within Figure 11.13. 
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Figure 11.13: Concept Generation Map Summary 
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11.4 Experimental Methodology 
All specimens within this experiment were manufactured from a 50/50 mix of virgin and recycled 
Duraform EX® and stab tested to the HOSDB KR1-E1 impact energy using virgin Stanley 1992 
trimming blades.  Established specimen manufacture and stab test experimental methodologies, 
as noted within Chapter 6and section 8.3, were used with exception to the following areas. 
 
11.4.1 Test Specimen Geometry 
To facilitate the manufacture and testing of imbricated specimen assemblies, a retaining structure 
was incorporated within the assembly geometry – this structure is shown within Figure 11.14. 
 
 
Figure 11.14: Retaining jig for Final assembly structure 
 
The individual elements established within Chapter 11.3.5 were incorporated within the retaining 
structure, as shown within Figure 11.4. 
 
 
Figure 11.15: Final assembly structure featuring element design and retaining structure 
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The assembly architectures featured five full and independent elements; with a further eight 
constrained partial elements manufactured within retaining perimeter structure.  Cross-sectional 
analysis of the assembly test structure is shown within Figure 11.16. 
 
 
Figure 11.16: Cross-sectional analysis of the final assembly test structure 
 
Results from this analysis ensured that a 14.30° assembly angle was used, the total assembly 
height was 13.00 mm, and a dual layered structure was maintained throughout the assembly.  
The latter was achieved either through the creation of the dual layered structure within the 
individual elements, as highlighted by zone ‘A’ within  Figure 11.16 Figure 11.15 or via two 
elements sitting on top of each other as also demonstrated within Figure 11.16 highlighted by 
zone ‘B’. 
 
11.4.2 Build Location 
In total three imbricated assembly architectures and a further three control dual layer planar test 
specimens with a total thickness of 9.00 mm were manufactured for stab testing.  Both element 
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assemblies and planar specimens were randomly positioned within the LS build volume to 
minimise any potential effects on stab resistive performance – their respective positions are 
documented within Figure 11.17. 
 
 
Figure 11.17: Build Layout  
 
All test specimens and assembly architectures were centrally located on the build platform of the 
EOS P100 Formiga LS machine.  Spacing between build components was maintained at 5.00 mm 
in both X and Y-directions, while 3.00 mm spacing was used between specimens in the Z-
direction.  The total height of the build was 55 mm. 
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11.4.3 Stab Testing Experimental Design 
All six specimens were tested using an Instron 9250HV drop tower (as described within section 
6.2) with Stanley 1992 Trimming Blades - the order of testing is documented within Table 11-6. 
 
Table 11-6: Experimental Order of Testing  
Test No. Specimen Type Sample No. Backing Tray 
1 Element Assembly 2 1 
2 Planar 3 2 
3 Element Assembly 1 3 
4 Planar 1 1 
5 Planar 2 2 
6 Element Assembly 3 3 
 
Planar specimens were stab tested in the middle of their strike surface, while imbricated  element 
assembly architectures were positioned to ensure test blades made contact within their central 
region – as depicted within Figure 11.18.  
 
 
Figure 11.18: Stab Test Impact Zone 
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A central stab region was identified for impact testing as it was determined that this area offered 
the best prospect for testing both a dual layered structure comprised of two different imbricated 
elements, and assessing the stab resistant performance of the dual layered structure contained 
within a single element.  
 
11.5  Results 
All tests demonstrated successful stab resistance.  Stab protection within the pre-defined HOSDB 
requirement of less than 7.00 mm was achieved.  A summary of the test results are found within 
Table 11-7. 
 
Table 11-7: Final design link - Results Summary 
Test Specimen ID Blade Failure Blade Penetration (mm) Result 
1 Element Assembly Two Yes 5.38 Pass 
2 Planar Three Yes 0.00 Pass 
3 Element Assembly One Yes 0.00 Pass 
4 Planar One Yes 0.00 Pass 
5 Planar Two Yes 1.98 Pass 
6 Element Assembly Three Yes 0.00 Pass 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
 
Upon review of Table 11-7, it can be stated that the planar control specimens included within this 
experiment verified stab resistance in-line with previous experiments. 
 
Experimental results also documented that blade penetration in all three of the imbricated 
element assemblies were below the HOSDB 7.00 mm maximum – with two assemblies featuring 
zero blade penetration.  Images from the testing of ‘Assembly Two’ are displayed in Figure 11.19.  
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Figure 11.19: Element architecture specimen two post-stab testing 
 
The images shown within Figure 11.19 demonstrated that the test blade shattered upon impact, 
leaving no additional damage to the impacted elements or those surrounding it – this also 
occurred in the two other test assemblies.  ‘Element Assembly Two’ also demonstrated the 
highest level of blade penetration across all three test assemblies with a depth of 5.38 mm – as 
shown in Figure 11.20. 
 
    
Figure 11.20: Measuring blade penetration on the underside of specimen architecture two 
 
No damage was shown to have been caused to the underside of the impacted element or 
assembly structure as a result of testing.   
 
Elements from the test assemblies did however demonstrate deformation into the clay backing 
material trays.  Figure 11.21 show images of the backing material and deformation signature from 
each test assembly. 
Chapter 11 Element Concept Design & Analysis 
193 
   
Figure 11.21: Backing material from assemblies one (left), two (middle) and three (right) 
 
Whilst the degree of back face deformation appears to have been minimal and evenly spread 
across the impact area and surrounding elements with assemblies one and two, the backing 
material within ‘Element Assembly Three’ had a notably greater level of back face deformation - 
measuring approximately 6.50 mm.  This deformation was measured and fell within the 
maximum 15.00 mm permissible limit as defined by the HOSDB Blunt Trauma Protector standard, 
as previously documented within section 2.7.2  [58]. 
 
11.6  Conclusions 
This experiment demonstrated the successful development and stab testing of a series of LS 
imbricated architectures to the UK HOSDB KR1-E1 stab impact energy. 
 
A range of element concepts were explored to advance on the successful stab testing results 
previously attained.  Results attained from this iterative design process led to the adoption of a 
number of key bio-inspired and technology driven design criteria within the final design of the 
stab resistant architecture.  These included the incorporation of: 
1) A 14.30° assembly angle. 
2) A protruded central region with a total thickness of 9.33 mm to facilitate the generation 
of a dual layered structure and encourage imbrication. 
3) Chamfered elements on the strike surface to minimise total assembly height. 
4) Integrated cut features to establish a dual layered structure within each element and 
across the complete assembly architecture. 
 
This chapter concludes the experimental work conducted, with final discussions and conclusions 
outlined within Chapter 12. 
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Chapter 12 Discussion & Conclusions 
 
 
 
12.1 Introduction 
The research described within this thesis focussed on establishing a series of design and 
manufacturing characteristics fundamental for the further development of stab resistant Additive 
Manufactured Body Armour realised by LS.  Figure 12.1 outlines the structure of the following 
chapter. 
 
 
Figure 12.1: Discussion and conclusion chapter structure 
 
12.2  Final Discussion 
A test methodology was established to assess the stab performance of both Stanley 1992 
trimming blades and HOSDB P1/B test blades to the UK HOSDB KR1-E1 impact energy of 24 Joules.   
 
The first experiment identified that the Stanley 1992 trimming blades demonstrated greater stab 
potency in comparison to HOSDB specification P1/B blades, when tested against certified KR1 
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body armour specimens.  While the P1/B engineered blades demonstrated a low level of stab 
resistance, the Stanley blades easily cut through the test specimens to maximise blade 
penetration.  The superior stab penetration performance of the Stanley blades, coupled with their 
easy accessibility, and the projection that each Stanley blade costs less than 2% than that of the 
P1/B alternative, meant than a significantly greater number of stab tests were able to be 
performed.  This therefore allowed a greater range of design characteristics to be established 
than what may have been possible to achieve using the P1/B blades - thus adding depth and rigor 
to this body research. 
 
The results outlined within this body of work also demonstrated that a material ratio of 50% 
virgin and 50% recycled Duraform EX® powder provided stab protection at the lowest material 
thickness, in comparison to alternative Duraform® and virgin material combinations. Specimens 
manufactured from these alternative materials and powder ratio combinations typically 
shattered – which suggested they were too brittle to withstand the stab impact forces generated 
from testing.  Specimens manufactured from a 50/50 mix of Duraform EX® did not shatter; 
instead these samples demonstrated greater levels of toughness and were therefore able to 
absorb the stab impact energy.  As previously discussed within section 4.4.4, this improved 
toughness has previously been attributed to the increased molecular weight of the recycled 
powder element - where prior thermal loading of the polymer particles enable them to pack more 
efficiently and become more ductile.  There is therefore merit to further explore potential heat 
treatment strategies aimed at enhancing the physical properties of LS manufactured body armour 
components.  For example, there has been anecdotal evidence from AM service bureaus 
suggesting that Nylon 11 manufactured LS parts have exhibited enhanced toughness after 
experiencing high temperature dishwasher cycles.   
 
A dual layered approach to specimen testing and element manufacture demonstrated a 
significant reduction in the total thickness of material required to attain stab protection, where a 
single thickness specimen of 11.00 mm was reduced to 9.00 mm using a dual layered structure.  
This approach was inspired by examples featured within biological armour as demonstrated 
within Chapter 3.2.  Such multi-layered solutions have been shown to be capable of providing 
stab protection while minimising total armour thickness.  A sacrificial layering approach enabled 
strike surfaces to act as sacrificial layers by absorbing a high amount of strike energy whilst 
enabling the layers beneath to absorb a lesser amount, and prevent the threat from penetrating 
through.  It could therefore be suggested that this mechanism may explain the greater stab 
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resistive performance and reduced total thickness of the dual layered structures for the 
experiments documented within this thesis. 
 
A shattering mode of blade failure was demonstrated across the experiments within this research. 
It is believed that the stab resistant performance of the successful test specimens were not 
reliant on blade failure.  A large selection of specimens demonstrated some degree of blade 
penetration, and therefore the capability to prevent the stab blade from further intrusion.  Blade 
failure across all tests may be a result of the remaining impact energy emanating from the drop 
vehicle requiring release.  Such failure demonstrated the successful protective performance of 
the AM body armour against the immediate bladed threat, with the reduced likelihood of a 
secondary stab event being committed due to the original threat being shattered.  With regards 
to the performance of AM body armour against stronger bladed threats, further investigation is 
required.  It may be suggested that stronger blades are unlikely to fail via a shattering mode, 
therefore dissipation of the stab impact energy may result in effects such as greater back face 
deformation.   
 
The results presented within Chapter 11 demonstrated the design development of individual 
elements from their original planar geometry through to a final pentagonal morphology.  The final 
element concept incorporated various features such as chamfered strike surfaces and integrated 
dual layering.  When tested, all assembled architectures demonstrated successful stab resistance 
to the HOSDB KR1-E1 stab impact energy.  During the development of the final element concept, 
various trade-offs between design characteristics were identified which further emphasised the 
historical trade-off between the protective performance and manoeuvrability of individual 
armoured elements - as identified within Chapter 3.  For example, when identifying an 
appropriate assembly angle, a balance was established between the level of coverage required 
(overlap distance) and the total height of the assembly.  A low assembly angle meant dual-layered 
coverage was difficult to achieve, however, the total thickness of the imbricated structure was 
shown to be relatively low - and vice versa.  In addition, when exploring methods to encourage 
movement between individual elements, the introduction of filleted nose features demonstrated 
that protective performance and coverage would have been compromised. 
 
A thickness and mass comparison between the final LS concept tested in Chapter 11, and the 
existing PC-based armour tested within Chapter 7 should be recognised.  While the LS body 
armour featured a lower overall thickness of 9.00 mm in comparison to the 11.40 mm thick PC-
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armour, the projected mass of the LS armour was two-fold that of the current PC armour.  For 
example, PC body armour specimens measuring 60 x 60 mm had a mean mass of 22.14g, while 
the estimated mass for the LS generated armour was close to 48.00 g.  While such a significant 
increase in mass is currently undesirable, further development of the LS body armour would be 
required to ensure a more suitably comparable mass be reached prior to any commercial 
exploitation.   A further comparison between the two body armours can be made in the form of 
drapability.  While no specific tests were performed to assess the level of drapability achieved by 
the new LS specimen, it could be suggested that due to its imbricated element design the new 
armour could have greater flexibility than the existing completely rigid PC-based solutions.  Such 
may be further enhanced in future iterations by further optimising the size and shape of 
individual elements alongside establishing an appropriate linkage structure. 
 
While this body of research has primarily focused on establishing the requirements to achieve 
stab protection, it is recognised that a range areas for further investigation and development 
continue to exist prior to the commercialisation of an AM body armour garment.  Such areas 
include: 
 Methods to facilitate convenient donning and doffing of the armoured garment,  e.g. clips, 
fasteners, hinges, seams, stretchability. 
 An assessment of drapability. 
 Strategies for physical and thermal comfort. 
 Determining an appropriate route for commercialisation, e.g. a series of panels within a 
carrier, a complete body armour garment, or both. 
 If individual panels are explored, methods to secure the AM armour within a carrier 
 If a complete armour garment is required, establish a method to map elements using 
body scan data while ensuring appropriate separation parameters are maintained for 
drapability and manufacturing. 
 Laboratory and field trials to assess operational performance, e.g. Armour flexibility 
during tasks, comfort analysis, heat mapping during low and high level operational tasks. 
 Establishing daily care maintenance procedures and a recommended service life. 
 Strategies for the incorporation of livery and attachments for existing police apparatus - if 
used as overt armour. 
 End of life procedures relating to recyclability. 
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The further utilisation of AM technology may assist in addressing some of the points previously 
noted.  For example, it may be beneficial to design in thermal regulation channels and therefore 
take advantage of the ability for AM technology to realise highly complex geometries.  Conversely, 
it may be deemed more appropriate to incorporate existing fastening devices and livery. 
 
 With regards to commercialisation, the mass manufacture of LS stab resistant body armour for 
use by Police Officers may not be feasible - when considering current frontline Policing budgets.  
The costs of manufacture, including process costs, materials, build time and personalisation, may 
be too high for wide-spread deployment to the public sector in the immediate term.  However, as 
with all new technology or the utilisation of existing technologies for new applications, as systems 
mature associated costs are likely to reduce over time.  A potentially more favourable approach in 
the immediate term could be to explore the development of personalised LS stab resistant body 
armour for private sector clients. 
 
It is also recognised that in the current form of the UK HOSDB Stab Resistant Body Armour 
standard, additional testing would be required at an approved test house using P1/B certified 
blades in order to certify the stab resistant performance of the LS solutions generated as part of 
this research.  In addition, as the concepts proposed contain overlapping elements, during any 
future certification stab tests at an incidence angle of 45° would also be required.  However, as 
the current body of research demonstrated successful stab testing using the more severe Stanley 
blade, it is suggested that certification using the P1/B may also be successful. 
 
Ultimately the outlined research has further emphasised the trade-off between protective 
performance/coverage and armour manoeuvrability.  However, through the utilisation of LS 
manufacturing technology a new range of novel body armour solutions could be realised.  
  
12.3  Final Conclusions 
The current body of work has set a foundation on which to further enhance and potentially 
commercially exploit the generation of LS stab resistant body armour. 
 
A refined test methodology was established for the stab testing of LS test samples to the UK 
HOSDB KR1-E1 impact energy using Stanley 1992 trimming blades. 
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The work outlined within this thesis also demonstrated that it is possible to manufacture a LS 
imbricated assembly capable of providing stab resistant protection which exceeds the UK HOSDB 
KR1-E1 test requirements.   
 
Use of a 50/50 mix of virgin and recycled Duraform EX® build material enabled the manufacture 
of test specimens and articulated assemblies which offered greater levels of stab resistive 
performance in comparison to Duraform® and other common material ratios.   
 
The results outlined within this body of work also demonstrated that a 9.00 mm thick dual 
layered structure using 50/50 Duraform EX® successfully demonstrated stab protection to the UK 
HOSDB KR1-E1 impact energy of 24 Joules.  This value was below the 11.00 mm initially 
established for a single planar thickness using the same material group.  The incorporation of 
layered protective elements was inspired by similar common features within natural and existing 
engineered armour solutions. 
 
The adoption of a pentagonal morphology and incorporation of chamfered strike surfaces, 
characteristics similar to those featured within elasmoid biological armour facilitated a significant 
reduction in total assembly height.  Coupled with the design and manufacturing freedom offered 
by use of LS technology, it was possible to incorporate a dual layered structure within each 
imbricated element - a characteristic unlikely to be achievable via conventional body armour 
manufacturing methods. 
 
12.4 Recommendations for Further Work 
The work presented within this thesis demonstrated a major step towards the goal of 
manufacturing a deployable stab resistant Additive Manufacture Body Armour (AMBA) garment.  
To further develop the work described, a number of immediate next steps have been identified, 
including: 
1) To explore methods of linking imbricated elements to create fully assembled test 
specimens, and further explore their suitability in absorbing impact energy across an 
assembled structure to minimise localised back face deformation. 
2) Assess the drapability of the current LS body armour proposal to ISO 9073-9:2008 - 
'Determining drapability including drape coefficient in nonwoven textiles'. 
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3) Investigate methods to further optimise the size of armoured elements.  Such may be 
performed in close relationship with establishing a suitably strong linking method and the 
potential effects of local variations in uniform and non-uniform element shapes and sizes. 
4) Identify and explore methods to perform post-process heat treatments to LS body 
armour specimens with the aim to increase mechanical performance such as toughness, 
as identified within section 4.4.5.   This may potentially facilitate the reduction in total 
armour thickness with enhanced stab resistive performance. 
5) Assess the stab performance of a selection of alternative LS materials and powder ratios.   
6) Design and manufacture independent front and rear flexible panels to be inserted within 
a fabric carrier - to facilitate flexibility  testing and initial certification trials. 
7) Determine the requirements needed to design, manufacture and stab test a complete 
seamless stab resistant body armour garment. 
8) Explore the points previously identified within section 12.2, relating to areas for further 
investigation to ensure suitability for real-world implementation.  Such areas include 
methods of donning and doffing, strategies for physical and thermal comfort, and 
assessing armour performance during operational task-based trails etc. 
9) Investigate the path required for the future adoption of the Stanley 1992 trimming blade 
within the UK HOSDB stab resistant body armour standard or for the creation of a new 
standard specific to the testing of AM body armour. 
10) Explore the potential to combine AM materials with alternative options, and/or the effect 
of secondary manufacturing processes such as plating or overmoulding. 
11) Further enhance the level of stab protection beyond the current demonstrated tests, to 
the UK HOSDB KR2/KR3 body armour standards.  
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Appendix A: HOSDB P1/B Blade Specification 
 
Source: 
HOSDB Body Armour Standards for UK Police (2007), Part 3: Knife and Spike Resistance – 39/07/C 
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Appendix C: Duraform® and Duraform EX® Material Data Sheet 
 
Source: 
www.3dsystems.com 
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Appendix D: Conversion Chart for P1/B Knife Penetration Depths  
 
Source: 
HOSDB Body Armour Standards for UK Police (2007), Part 3: Knife and Spike Resistance – 39/07/C 
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Appendix E: Single Layer Stab Resistance Order of Testing 
Duraform® Virgin 
Test Number 
Sample 
Identifier 
Backing 
Tray 
1 5.00/2 1 
2 1.00/1 1 
3 10.00/1 1 
4 5.00/1 2 
5 8.00/2 2 
6 10.00/2 2 
7 7.00/1 3 
8 9.00/1 3 
9 4.00/1 3 
10 10.00/3 1 
11 6.00/3 1 
12 9.00/3 1 
13 6.00/2 2 
14 4.00/3 2 
15 2.00/1 2 
16 9.00/2 3 
17 1.00/2 3 
18 7.00/3 3 
19 8.00/3 1 
20 1.00/3 1 
21 4.00/2 1 
22 7.00/2 2 
23 3.00/3 2 
 
Test 
Number 
Sample 
Identifier 
Backing 
Tray 
24 6.00/1 2 
25 5.00/3 3 
26 3.00/2 3 
27 2.00/2 3 
28 2.00/3 1 
29 3.00/1 1 
30 8.00/1 1 
31 15.00/2 2 
32 15.00/3 2 
33 13.00/2 2 
34 14.00/1 3 
35 13.00/1 3 
36 12.00/1 3 
37 13.00/3 1 
38 15.00/1 1 
39 12.00/3 1 
40 11.00/1 2 
41 11.00/3 2 
42 14.00/3 2 
43 12.00/2 3 
44 14.00/2 3 
45 11.00/2 3 
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Duraform® 50/50 
Test Number 
Sample 
Identifier 
Backing 
Tray 
46 2.00/2 2 
47 7.00/2 2 
48 8.00/1 2 
49 2.00/3 3 
50 6.00/1 3 
51 5.00/2 3 
52 9.00/2 1 
53 1.00/1 1 
54 3.00/3 1 
55 1.00/3 2 
56 5.00/1 2 
57 9.00/3 2 
58 10.00/1 3 
59 3.00/2 3 
60 7.00/1 3 
61 2.00/1 1 
62 10.00/3 1 
63 7.00/3 1 
64 3.00/1 2 
65 4.00/2 2 
66 10.00/2 2 
67 4.00/3 3 
68 8.00/3 3 
 
Test Number 
Sample 
Identifier 
Backing 
Tray 
69 6.00/2 3 
70 8.00/2 1 
71 6.00/3 1 
72 1.00/2 1 
73 5.00/3 2 
74 9.00/1 2 
75 4.00/1 2 
76 14.00/2 1 
77 13.00/3 1 
78 14.00/3 1 
79 15.00/1 2 
80 12.00/2 2 
81 15.00/2 2 
82 11.00/1 3 
83 14.00/1 3 
84 11.00/2 3 
85 11.00/3 1 
86 15.00/3 1 
87 12.00/3 1 
88 13.00/1 2 
89 13.00/2 2 
90 12.00/1 2 
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Duraform EX® Virgin 
Test Number 
Sample 
Identifier 
Backing 
Tray 
91 3.00/1 3 
92 5.00/2 3 
93 4.00/2 3 
94 8.00/2 1 
95 10.00/3 1 
96 9.00/1 1 
97 6.00/3 2 
98 2.00/3 2 
99 9.00/3 2 
100 3.00/2 3 
101 7.00/1 3 
102 4.00/1 3 
103 2.00/1 1 
104 1.00/3 1 
105 9.00/2 1 
106 1.00/2 2 
107 4.00/3 2 
108 8.00/3 2 
109 6.00/2 3 
110 10.00/2 3 
111 5.00/1 3 
112 2.00/2 1 
113 1.00/1 1 
 
Test Number 
Sample 
Identifier 
Backing 
Tray 
114 10.00/1 1 
115 7.00/2 2 
116 8.00/1 2 
117 6.00/1 2 
118 3.00/3 3 
119 7.00/3 3 
120 5.00/3 3 
121 14.00/3 3 
122 15.00/1 3 
123 11.00/2 3 
124 13.00/3 1 
125 15.00/2 1 
126 13.00/1 1 
127 15.00/3 2 
128 14.00/1 2 
129 11.00/1 2 
130 11.00/3 3 
131 12.00/1 3 
132 13.00/2 3 
133 12.00/2 1 
134 14.00/2 1 
135 12.00/3 1 
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Duraform EX® 50/50 
Test Number 
Sample 
Identifier 
Backing 
Tray 
136 9.00/3 1 
137 7.00/3 1 
138 9.00/2 1 
139 7.00/1 2 
140 4.00/1 2 
141 10.00/1 2 
142 2.00/2 3 
143 5.00/3 3 
144 4.00/2 3 
145 1.00/2 1 
146 5.00/2 1 
147 8.00/2 1 
148 2.00/1 2 
149 4.00/3 2 
150 8.00/3 2 
151 5.00/1 3 
152 7.00/2 3 
153 8.00/1 3 
154 6.00/1 1 
155 3.00/3 1 
156 3.00/1 1 
157 6.00/3 2 
158 1.00/3 2 
 
Test Number 
Sample 
Identifier 
Backing 
Tray 
159 10.00/3 2 
160 9.00/1 3 
161 6.00/2 3 
162 3.00/2 3 
163 1.00/1 1 
164 2.00/3 1 
165 10.00/2 1 
166 11.00/2 2 
167 14.00/2 2 
168 15.00/3 2 
169 13.00/3 3 
170 12.00/3 3 
171 13.00/2 3 
172 14.00/1 1 
173 12.00/1 1 
174 12.00/2 1 
175 11.00/3 2 
176 11.00/1 2 
177 15.00/2 2 
178 14.00/3 3 
179 13.00/1 3 
180 15.00/1 3 
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Appendix F: Experimental Results Summary 
A) Stab Test Blade Identification - Body Armour Specimens 
HOSDB P1/B Results 
Sample Mass (g) 
Impact Velocity 
(m/s) 
Impact Energy 
(J) 
Penetration – Witness 
Paper (mm) 
Penetration – 
Calliper (mm) 
1 22.74 2.71 23.75 9.04 8.99 
2 21.89 2.71 23.76 8.00 8.01 
3 21.58 2.70 23.67 9.13 8.92 
4 21.86 2.70 23.69 9.54 9.19 
5 22.46 2.71 23.72 8.89 8.75 
6 22.33 2.71 23.75 11.31 11.50 
Std. Deviation 0.00516 0.036697 1.100026 1.18549 
Mean 2.71 23.72 9.32 9.23 
 
Stanley 1992 Trimming Blade Test Results 
Sample Mass (g) 
Impact Velocity 
(m/s) 
Impact Energy 
(J) 
Penetration – Witness 
Paper (mm) 
Penetration - 
Calliper (mm) 
1 22.11 2.71 23.71 N/A 30.00 
2 21.67 2.71 23.70 N/A 30.00 
3 22.90 2.71 23.72 N/A 30.00 
4 21.82 2.70 23.59 N/A 30.00 
5 22.10 2.71 23.72 N/A 30.00 
6 22.03 2.71 23.73 N/A 30.00 
Std. Deviation 0.004082 0.05244 N/A 0.00 
Mean 2.71 23.70 N/A 30.00 
 
  
Appendices 
240 
B) Single Layer Stab Resistance - LS Specimens 
Duraform® Virgin Test Specimen Results 
No. Specimen ID Mass (g) Failure Mode Blade Failure  Penetration Depth (mm) Result 
1 01.00/1 4.49 Punctured No 30.00 Fail 
2 01.00/2 4.58 Punctured No 30.00 Fail 
3 01.00/3 4.53 Punctured No 30.00 Fail 
4 02.00/1 7.77 Shattered No 30.00 Fail 
5 02.00/2 8.13 Fractured No 30.00 Fail 
6 02.00/3 8.08 Fractured No 30.00 Fail 
7 03.00/1 11.59 Shattered No 30.00 Fail 
8 03.00/2 11.46 Shattered No 30.00 Fail 
9 03.00/3 11.83 Shattered No 30.00 Fail 
10 04.00/1 14.95 Shattered No 30.00 Fail 
11 04.00/2 15.26 Shattered No 30.00 Fail 
12 04.00/3 15.19 Fractured No 30.00 Fail 
13 05.00/1 18.56 Shattered No 30.00 Fail 
14 05.00/2 18.39 Shattered No 30.00 Fail 
15 05.00/3 18.91 Shattered No 30.00 Fail 
16 06.00/1 21.88 Shattered No 30.00 Fail 
17 06.00/2 21.90 Shattered No 30.00 Fail 
18 06.00/3 22.32 Shattered No 30.00 Fail 
19 07.00/1 25.54 Shattered No 30.00 Fail 
20 07.00/2 25.78 Shattered No 30.00 Fail 
21 07.00/3 26.08 Shattered No 30.00 Fail 
22 08.00/1 29.76 Shattered No 30.00 Fail 
23 08.00/2 29.58 Shattered No 30.00 Fail 
24 08.00/3 29.43 No failure Yes 0.00 Pass 
25 09.00/1 32.91 Shattered No 30.00 Fail 
26 09.00/2 32.95 Shattered No 30.00 Fail 
27 09.00/3 32.92 Shattered No 30.00 Fail 
28 10.00/1 36.63 Shattered Yes 2.36 Pass 
29 10.00/2 36.57 Shattered No 30.00 Fail 
30 10.00/3 36.57 Shattered No 30.00 Fail 
31 11.00/1 40.06 No Failure Yes 0.00 Pass 
32 11.00/2 40.36 Shattered Yes 30.00 Fail 
33 11.00/3 40.35 Fractured Yes 5.53 Pass 
34 12.00/1 44.24 Shattered Yes 30.00 Fail 
35 12.00/2 44.26 Shattered Yes 30.00 Fail 
36 12.00/3 44.03 Shattered Yes 0.00 Pass 
37 13.00/1 47.64 Shattered Yes 1.89 Pass 
38 13.00/2 48.10 Shattered No 30.00 Fail 
39 13.00/3 47.77 Shattered No 30.00 Fail 
40 14.00/1 51.05 No failure Yes 0.00 Pass 
41 14.00/2 51.33 Shattered Yes 30.00 Fail 
42 14.00/3 51.29 Shattered Yes 30.00 Fail 
43 15.00/1 54.63 No failure Yes 0.00 Pass 
44 15.00/2 54.49 Shattered No 30.00 Fail 
45 15.00/3 54.98 Fractured No 30.00 Fail 
Mean Impact Energy (J) = 23.70 
Mean Impact Velocity (m/s) = 2.70 
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50/50 mix Duraform® Test Specimen Results 
No. Specimen ID Mass (g) Failure Mode Blade Failure  Penetration Depth (mm) Result 
1 01.00/1 4.20 Punctured No 30.00 Fail 
2 01.00/2 4.23 Punctured No 30.00 Fail 
3 01.00/3 4.27 Punctured No 30.00 Fail 
4 02.00/1 7.81 Fractured No 30.00 Fail 
5 02.00/2 7.96 Shattered No 30.00 Fail 
6 02.00/3 7.87 Fractured No 30.00 Fail 
7 03.00/1 11.37 Fractured No 30.00 Fail 
8 03.00/2 11.21 Shattered No 30.00 Fail 
9 03.00/3 11.51 Fractured No 29.97 Fail 
10 04.00/1 14.90 Shattered No 30.00 Fail 
11 04.00/2 15.10 Shattered No 30.00 Fail 
12 04.00/3 14.89 Shattered No 30.00 Fail 
13 05.00/1 18.35 Fractured No 30.00 Fail 
14 05.00/2 18.22 Shattered No 30.00 Fail 
15 05.00/3 18.63 Shattered No 30.00 Fail 
16 06.00/1 22.00 Shattered No 30.00 Fail 
17 06.00/2 21.88 Shattered No 30.00 Fail 
18 06.00/3 22.16 Shattered No 30.00 Fail 
19 07.00/1 25.46 Shattered No 30.00 Fail 
20 07.00/2 25.53 Shattered No 30.00 Fail 
21 07.00/3 25.81 Shattered No 30.00 Fail 
22 08.00/1 28.83 Fractured No 29.55 Fail 
23 08.00/2 29.05 Shattered No 30.00 Fail 
24 08.00/3 28.67 Shattered No 30.00 Fail 
25 09.00/1 32.26 Shattered No 30.00 Fail 
26 09.00/2 32.56 Shattered No 30.00 Fail 
27 09.00/3 32.06 Shattered No 30.00 Fail 
28 10.00/1 35.68 Shattered No 30.00 Fail 
29 10.00/2 35.75 Shattered No 30.00 Fail 
30 10.00/3 36.25 Shattered No 30.00 Fail 
31 11.00/1 40.07 Shattered Yes 0.00 Pass 
32 11.00/2 40.33 No failure Yes 0.00 Pass 
33 11.00/3 40.25 Shattered Yes 0.00 Pass 
34 12.00/1 43.80 Shattered No 5.98 Pass 
35 12.00/2 43.95 Shattered No 30.00 Fail 
36 12.00/3 43.56 Shattered Yes 2.20 Pass 
37 13.00/1 46.95 Shattered Yes 0.00 Pass 
38 13.00/2 47.39 Shattered Yes 14.16 Fail 
39 13.00/3 47.46 No failure Yes 0.00 Pass 
40 14.00/1 50.42 No failure Yes 0.00 Pass 
41 14.00/2 50.96 No failure Yes 0.00 Pass 
42 14.00/3 50.69 Shattered Yes 11.71 Fail 
43 15.00/1 53.94 No failure Yes 0.00 Pass 
44 15.00/2 54.12 No failure Yes 0.00 Pass 
45 15.00/3 54.40 No failure Yes 0.00 Pass 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
 
  
Appendices 
242 
Duraform EX® Virgin Test Specimen Results 
No. Specimen ID Mass (g) Failure Mode Blade Failure Penetration Depth (mm) Result 
1 01.00/1 3.81 Punctured No 30.00 Fail 
2 01.00/2 3.77 Punctured No 27.84 Fail 
3 01.00/3 3.78 Punctured No 29.82 Fail 
4 02.00/1 7.35 Fractured No 29.91 Fail 
5 02.00/2 7.30 Punctured No 28.93 Fail 
6 02.00/3 7.40 Fractured No 28.04 Fail 
7 03.00/1 10.84 Fractured No 30.00 Fail 
8 03.00/2 11.00 Fractured No 28.21 Fail 
9 03.00/3 10.93 Shattered No 30.00 Fail 
10 04.00/1 14.68 Shattered No 30.00 Fail 
11 04.00/2 14.47 Fractured No 30.00 Fail 
12 04.00/3 14.58 Fractured No 30.00 Fail 
13 05.00/1 17.96 Fractured No 30.00 Fail 
14 05.00/2 18.05 Shattered No 30.00 Fail 
15 05.00/3 18.05 Shattered No 30.00 Fail 
16 06.00/1 21.48 Shattered No 30.00 Fail 
17 06.00/2 21.59 Shattered No 30.00 Fail 
18 06.00/3 21.40 Fractured No 30.00 Fail 
19 07.00/1 25.15 Shattered No 30.00 Fail 
20 07.00/2 24.83 Shattered No 30.00 Fail 
21 07.00/3 25.43 Shattered No 30.00 Fail 
22 08.00/1 27.68 Shattered No 30.00 Fail 
23 08.00/2 29.07 Shattered No 30.00 Fail 
24 08.00/3 27.43 Shattered No 30.00 Fail 
25 09.00/1 30.99 Shattered No 30.00 Fail 
26 09.00/2 32.68 Shattered No 30.00 Fail 
27 09.00/3 31.55 Shattered No 30.00 Fail 
28 10.00/1 34.68 Fractured No 30.00 Fail 
29 10.00/2 34.41 Shattered No 30.00 Fail 
30 10.00/3 36.43 Shattered No 30.00 Fail 
31 11.00/1 39.64 Shattered Yes 30.00 Fail 
32 11.00/2 39.65 No failure Yes 0.00 Pass 
33 11.00/3 39.58 Fractured No 30.00 Fail 
34 12.00/1 43.33 Fractured Yes 30.00 Fail 
35 12.00/2 43.13 Shattered Yes 30.00 Fail 
36 12.00/3 43.12 Fractured Yes 5.83 Pass 
37 13.00/1 45.47 Shattered No 30.00 Fail 
38 13.00/2 47.08 Shattered Yes 0.00 Pass 
39 13.00/3 46.80 No failure Yes 0.00 Pass 
40 14.00/1 48.91 Fractured No 30.00 Fail 
41 14.00/2 50.44 Shattered Yes 14.30 Fail 
42 14.00/3 50.23 Shattered No 30.00 Fail 
43 15.00/1 52.29 Shattered No 30.00 Fail 
44 15.00/2 53.75 Shattered No 3.55 Pass 
45 15.00/3 53.89 Fractured Yes 0.00 Pass 
Mean Impact Energy (J) = 23.65 
Mean Impact Velocity (m/s) = 2.70 
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50/50 Duraform EX® Test Specimen Results 
No. Specimen ID Mass (g) Failure Mode Blade Failure Penetration Depth (mm) Result 
1 01.00/1 3.56 Punctured No 30.00 Fail 
2 01.00/2 3.55 Punctured No 30.00 Fail 
3 01.00/3 3.58 Punctured No 30.00 Fail 
4 02.00/1 7.11 Punctured No 28.67 Fail 
5 02.00/2 7.01 Punctured No 29.74 Fail 
6 02.00/3 7.12 Punctured No 30.00 Fail 
7 03.00/1 10.49 Fractured No 29.54 Fail 
8 03.00/2 10.59 Fractured No 30.00 Fail 
9 03.00/3 10.54 Fractured No 30.00 Fail 
10 04.00/1 14.07 Fractured No 30.00 Fail 
11 04.00/2 13.96 Punctured No 30.00 Fail 
12 04.00/3 14.21 Fractured No 30.00 Fail 
13 05.00/1 17.44 Shattered No 30.00 Fail 
14 05.00/2 17.53 Shattered No 30.00 Fail 
15 05.00/3 17.64 Fractured No 28.08 Fail 
16 06.00/1 20.64 Fractured No 30.00 Fail 
17 06.00/2 20.95 Fractured No 30.00 Fail 
18 06.00/3 21.07 Fractured No 30.00 Fail 
19 07.00/1 24.10 Shattered No 30.00 Fail 
20 07.00/2 24.26 Fractured No 30.00 Fail 
21 07.00/3 24.73 Fractured No 30.00 Fail 
22 08.00/1 26.70 Fractured No 29.00 Fail 
23 08.00/2 28.37 Shattered No 30.00 Fail 
24 08.00/3 27.02 Shattered No 30.00 Fail 
25 09.00/1 30.08 Fractured No 28.65 Fail 
26 09.00/2 31.83 No failure Yes 0.00 Pass 
27 09.00/3 30.14 Shattered No 30.00 Fail 
28 10.00/1 33.51 No failure Yes 0.00 Pass 
29 10.00/2 33.45 Fractured No 24.38 Fail 
30 10.00/3 35.38 No failure Yes 0.00 Pass 
31 11.00/1 38.41 No failure Yes 0.00 Pass 
32 11.00/2 38.54 No failure Yes 0.00 Pass 
33 11.00/3 38.71 No failure Yes 0.00 Pass 
34 12.00/1 42.28 No failure Yes 0.00 Pass 
35 12.00/2 42.03 No failure Yes 0.00 Pass 
36 12.00/3 41.97 No failure Yes 0.00 Pass 
37 13.00/1 44.79 No failure Yes 0.00 Pass 
38 13.00/2 45.93 No failure Yes 0.00 Pass 
39 13.00/3 45.91 No failure Yes 0.00 Pass 
40 14.00/1 48.35 No failure Yes 0.00 Pass 
41 14.00/2 49.46 No failure Yes 0.00 Pass 
42 14.00/3 49.10 No failure Yes 0.00 Pass 
43 15.00/1 51.59 No failure Yes 0.00 Pass 
44 15.00/2 52.54 No failure Yes 0.00 Pass 
45 15.00/3 52.60 Fractured Yes 1.56 Pass 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
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C) Establishing Dual Layered Stab Resistance (Part A) - LS Specimens  
Single Thickness Control Specimen Stab Test Results 
Test Specimen ID Mass (g) Blade Failure Penetration Depth (mm) Result 
1 11.00/1 Control 36.91 Yes 0.00 Pass 
2 11.00/2 Control 36.32 Yes 1.39 Pass 
3 11.00/3 Control 37.80 Yes 0.00 Pass 
Mean Impact Energy (J) = 23.69 
Mean Impact Velocity (m/s) = 2.70 
 
Dual Layered Specimen Stab Test Results 
Test Specimen ID Mass (g) Blade Failure Penetration Depth (mm) Result 
1 11.00/1 36.78 Yes 0.00 Pass 
2 11.00/2 37.30 Yes 0.00 Pass 
3 11.00/3 36.96 Yes 0.00 Pass 
4 10.00/1 33.14 Yes 1.47 Pass 
5 10.00/2 33.35 Yes 5.80 Pass 
6 10.00/3 33.34 Yes 6.86 Pass 
7 9.00/1 30.21 Yes 1.57 Pass 
8 9.00/2 30.48 Yes 6.87 Pass 
9 9.00/3 30.53 No 6.97 Pass 
10 8.00/1 26.68 Yes 21.18 Fail 
11 8.00/2 26.65 Yes 24.23 Fail 
12 8.00/3 26.74 No 22.52 Fail 
13 7.00/1 23.21 No 26.00 Fail 
14 7.00/2 23.37 No 26.00 Fail 
15 7.00/3 23.05 Yes 26.09 Fail 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
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D) Establishing Dual Layered Stab Resistance (Part B) - LS Specimens  
Part B - Results Summary 
Test Specimen ID Mass (g) Blade Failure Penetration Depth (mm) Result 
1 1.00/8.00 – 1 3.34/26.70 (30.04) Yes 0.00 Pass 
2 1.00/8.00 – 2 3.31/26.79 (30.10) Yes 0.00 Pass 
3 1.00/8.00 - 3 3.23/26.01 (29.24) Yes 2.94 Pass 
4 1.50/7.50 – 1 5.01/25.45 (30.46) Yes 0.00 Pass 
5 1.50/7.50 – 2 4.87/24.54 (29.41) Yes 6.57 Pass 
6 1.50/7.50 – 3 4.88/24.94 (29.82) Yes 0.00 Pass 
7 2.00/7.00 – 1 6.49/23.28 (29.77) Yes 0.00 Pass 
8 2.00/7.00 – 2 6.54/23.31 (29.85) Yes 1.11 Pass 
9 2.00/7.00 – 3 6.66/23.77 (30.43) Yes 1.40 Pass 
10 2.50/6.50 – 1 8.17/21.59 (29.76) No 2.06 Pass 
11 2.50/6.50 – 2 8.32/21.76 (30.08) Yes 0.00 Pass 
12 2.50/6.50 - 3 8.27/21.73 (30.00) Yes 0.00 Pass 
13 3.00/6.00 - 1 9.72/19.49 (29.21) No 6.46 Pass 
14 3.00/6.00 - 2 9.85/20.07 (29.92) Yes 0.05 Pass 
15 3.00/6.00 - 3 10.06/20.44 (30.50) Yes 0.00 Pass 
16 3.50/5.50 - 1 11.32/17.94 (29.26) Yes 4.94 Pass 
17 3.50/5.50 - 2 11.73/18.84 (30.57) Yes 0.00 Pass 
18 3.50/5.50 - 3 11.54/18.26 (29.80) Yes 0.00 Pass 
19 4.00/5.00 - 1 13.45/17.02 (30.47) Yes 3.44 Pass 
20 4.00/5.00 - 2 13.21/16.41 (29.62) No 6.27 Pass 
21 4.00/5.00 - 3 12.92/16.28 (29.20) Yes 6.98 Pass 
22 4.50/4.50 - 1 14.81/14.92 (29.73) Yes 5.91 Pass 
23 4.50/4.50 - 2 14.88/14.93 (29.81) Yes 3.05 Pass 
24 4.50/4.50 - 3 14.75/14.84 (29.59) Yes 0.00 Pass 
25 5.00/4.00 - 1 16.53/13.12 (29.65) Yes 0.00 Pass 
26 5.00/4.00 - 2 16.78/13.36 (30.14) Yes 0.00 Pass 
27 5.00/4.00 - 3 16.23/13.04 (29.27) Yes 1.36 Pass 
28 5.50/3.50 - 1 18.06/11.60 (29.66) Yes 3.89 Pass 
29 5.50/3.50 - 2 18.17/11.46 (29.63) Yes 6.44 Pass 
30 5.50/3.50 - 3 18.65/11.77 (30.42) Yes 0.00 Pass 
31 6.00/3.00 - 1 19.70/9.79 (29.49) No 6.89 Pass 
32 6.00/3.00 - 2 19.49/9.71 (29.20) Yes 1.46 Pass 
33 6.00/3.00 - 3 20.02/9.88 (29.90) Yes 0.00 Pass 
34 6.50/2.50 - 1 21.86/8.31 (30.17) Yes 0.00 Pass 
35 6.50/2.50 - 2 21.65/8.31 (29.96) Yes 0.00 Pass 
36 6.50/2.50 - 3 21.57/8.17 (29.74) Yes 15.14 Fail 
37 7.00/2.00 - 1 23.34/6.66 (30.00) No 5.53 Pass 
38 7.00/2.00 - 2 22.88/6.49 (29.37) Yes 6.89 Pass 
39 7.00/2.00 - 3 23.18/6.60 (29.78) Yes 1.59 Pass 
40 7.50/1.50 - 1 24.87/4.90 (29.77) Yes 5.58 Pass 
41 7.50/1.50 - 2 24.52/4.86 (29.38) Yes 3.01 Pass 
42 7.50/1.50 - 3 25.02/4.95 (29.97) Yes 0.00 Pass 
43 8.00/1.00 - 1 27.18/3.40 (30.58) Yes 0.00 Pass 
44 8.00/1.00 - 2 26.51/3.24 (29.75) Yes 4.49 Pass 
45 8.00/1.00 - 3 26.77/3.32 (30.09) Yes 0.00 Pass 
Mean Impact Energy (J) = 23.68 
Mean Impact Velocity (m/s) = 2.70 
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E) Identifying Minimum Stab Resistant Element Size - LS Specimens  
Element size results summary 
Test Specimen ID Mass (g) Blade Failure Penetration Depth (mm) Result 
1 60x60-1 29.45 Yes 4.52 Pass 
2 60x60-2 29.60 Yes 6.47 Pass 
3 60x60-3 29.89 Yes 0.00 Pass 
4 50x50-1 20.53 Yes 0.00 Pass 
5 50x50-2 20.51 Yes 0.00 Pass 
6 50x50-3 20.33 No 5.34 Pass 
7 40x40-1 13.33 Yes 0.00 Pass 
8 40x40-2 13.35 No 0.00 Pass 
9 40x40-3 13.48 Yes 0.00 Pass 
10 30x30-1 7.45 No 18.06 Fail 
11 30x30-2 7.54 Yes 0.00 Pass 
12 30x30-3 7.52 No 19.11 Fail 
13 20x20-1 3.28 No 5.28 Pass 
14 20x20-2 3.31 No 3.71 Pass 
15 20x20-3 3.30 Yes 0.05 Pass 
Mean Impact Energy (J) = 23.64 
Mean Impact Velocity (m/s) = 2.70 
 
Updated results including deformation: 20 x 20 mm specimens 
Test 
Specimen 
ID 
Mass 
(g) 
Blade 
Failure 
Penetration 
(mm) 
Penetration  
Result 
Underside 
Deformation (mm) 
Deformation 
result 
13 20x20-1 3.28 No 5.28 Pass 22.14 Fail 
14 20x20-2 3.31 No 3.71 Pass 10.23 Pass 
15 20x20-3 3.30 Yes 0.05 Pass 22.88 Fail 
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F) Element Concept Design & Analysis 
Final design link - Results Summary 
Test Specimen ID Mass (g) Blade Failure Blade Penetration (mm) Result 
1 Element Assembly Two 65.56 Yes 5.38 Pass 
2 Planar Three 29.58 Yes 0.00 Pass 
3 Element Assembly One 65.49 Yes 0.00 Pass 
4 Planar One 29.64 Yes 0.00 Pass 
5 Planar Two 29.51 Yes 1.98 Pass 
6 Element Assembly Three 65.74 Yes 0.00 Pass 
Mean Impact Energy (J) = 23.66 
Mean Impact Velocity (m/s) = 2.70 
 
 
